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Abstract
Throughout your lifetime, it is nearly impossible to avoid at least one musculoskeletal condition
that requires rehabilitation, and for a world containing billions of people, the costs associated with
these conditions have become a huge economic burden. Nevertheless, the scientific community has
become increasingly aware of the growing potential for wearable mechatronic systems to assist with
upper-limb musculoskeletal rehabilitation; however, one limiting factor to their clinical acceptance
lies in the development of actuation solutions. Conventional actuators are rigid and cylindrical
in nature, requiring additional components to provide the proper forces, motion direction, and
compliance, required for human interaction. Another type of actuator, called twisted coiled actuators (TCAs), made from low-cost nylon thread, has recently been shown to provide many of the
necessary performance specifications in a soft and flexible form factor, with additional properties
akin to biological muscles. The aim of this thesis is to provide solutions to some of the setbacks
surrounding this new actuator and analyze its feasibility for use in portable and wearable devices
in the context of rehabilitation.
TCAs already show biomimetic properties such as variable sti↵ness, linear contraction, and
flexibility, and like our own muscles, require an opposing force to extend following a contraction.
Antagonistic arrangements are found throughout the body to provide the ability to extend and
contract muscles allowing simultaneous control of position and sti↵ness around a joint. Therefore,
the first part of this thesis focused on the biomimetic control of TCAs by characterizing the sti↵ness
and position of two opposing TCAs in terms of the activation intensity. An empirical model was
then used to implement a controller that could regulate the sti↵ness with an accuracy of 98.95%,
while simultaneously controlling the position, with 92.7% accuracy.
iii
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TCAs are thermomechanical actuators, meaning that they contract when heated, and rely on
external cooling to reverse their motion. This poses a problem when considering the requirements
for human interaction, since the slow rate of natural cooling reduces the operating bandwidth to
ine↵ective levels. This thesis introduces multiple studies around the implementation and evaluation
of an active cooling system in order to provide faster cooling rates when needed.
First, a study compared the cooling performance of TCAs within an enclosed tube for two
cooling mediums: pressurized air and water. The cooling rate was evaluated for three tube diameters and three activation levels of each mediums in order to evaluate the e↵ects of these design
parameters on the thermal characteristics and overall performance. The results of this study highlight the feasibility of both methods and the importance of geometry on the final outcome and
determined that pressurized air cooling would be used moving forward.
An analytical model was then developed to represent the performance of a pressurized active
cooling design as a function of important system parameters, such as the material properties of
the enclosure, the mechanical dimensions, and the magnitude of the inlet air pressure. Experimental validation showed accurate model predication of the temperature with 92.7% accuracy
during heating, and 94.5% during cooling. The implications of this study are that this model can
provide an accurate and predictable method for tuning and evaluating the thermal characteristics
of actively cooled TCAs.
Finally, the feasibility of actively cooled TCAs was evaluated for a simplified application involving wrist extension. To do this, a TCA-driven wearable wrist extension brace was conceptualized
based on anthropomorphic data, and then modeled as a single degree-of-freedom joint in order to
approximate the kinematic and dynamic system of equations. A numerical and physical representation of the system was developed and used to evaluate the performance of an inverse dynamics
control law. The results showed position accuracy up to 98.8% for slower input commands, which
declined to 66% for higher bandwidth inputs.
Index terms— mechatronic, neuromuscular, upper-limb, rehabilitation, wearable, twisted
coiled actuator, TCA, nylon, active cooling, artificial muscle, soft, flexible, biomimetic, actuator

Summary for Lay Audience
Health of the bones, muscles, and nerves is important in allowing people to perform everyday tasks,
making it a critical factor when it comes to living an active and independent life. Therefore, it is
in our best interest to continue to improve the physical therapy process by implementing modern
solutions, reducing costs, decreasing recovery time, and enhancing patient outcome. The aim of
this thesis is to grow the field of smart wearable devices by exploring the unlocked potential of
a new type of artificial muscle known as twisted coiled actuators (TCAs), which are made from
nylon thread making them soft, light, and flexible. When TCAs are heated, they can contract to
produce forces over 100 times greater than biological muscles of the same weight and with the same
amount of displacement. These properties make them very desirable for use in wearable braces,
especially in the field of physical therapy.
In order to make TCAs behave like muscles, this work presents a biomimetic (to mimic nature)
approach to allow a pair of opposing TCAs to control the sti↵ness and position of a joint, much
like our muscles when adapting to external forces. The success of this study signifies the ability
of TCAs to assist biological muscles without obstructing natural motion when implemented into
wearable devices.
Another issue with TCAs is that, in order to contract, they need to be heated to temperatures
over 100 C, which not only makes them unsafe to the human touch, but also very slow without
additional cooling. The work presented in this thesis focuses on an active cooling system that
encloses the TCA inside a tube, thus allowing it to cool at a controlled rate, while improving
the safety to the wearer. Throughout this thesis, this new cooling design was tested based water
or pressurized air cooling, along with various tube diameters. A mathematical model was also
formulated in order to allow future researchers to make predictions about the performance based
on variations in the system design. Finally, the feasibility of TCAs for use in rehabilitation devices
was tested based on a wrist extension brace, where the performance was measured using both
physical and simulated, replicas of the wrist brace system.
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Chapter 1

Introduction
This dissertation focuses on a relatively new type of thermomechanical soft actuator and explores
its feasibility for use in upper-limb wearable mechatronic rehabilitation devices. In order to begin, this chapter will introduce the primary motivation behind this research and discuss current
problems that are being investigated in this field. Subsequent sections will discuss various solutions currently being implemented and provide an argument toward the use of this new actuation
method. Upon justification of these arguments, the final section will provide a detailed overview
of the objectives and outline of this dissertation.

1.1

Motivation

The human body consists of a vast and complex network of nerves, tendons, muscles, joints, and
ligaments, allowing us to move our limbs and perform intricate daily tasks. However, due to this
complexity, the body is prone to a wide variety of injuries and disorders that can drastically impair
its ability to move. The term musculoskeletal disorder (MSD) is used to describe these conditions
and encompasses any injury or disorder that causes disruption to the normal operation of the
body’s movement or musculoskeletal system. This can be caused by a variety of external factors
such as falls, lacerations, sport injuries, and stroke. When these events occur, nerve damage is
usually present, resulting in varying levels of dissociation of the patient’s intended motion to the
corresponding body movements.
1
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Rehabilitation Process

In order to recover from an MSD, the body must undergo some form of rehabilitation, for months
or years depending on the severity of the disorder. This commonly includes the implementation of
assistive or resistive cyclic training exercises through manual manipulation of the body provided
by a physiotherapist. Studies have shown that the speed and quality of recovery are proportional
to the frequency of exercise, meaning that constant follow-up meetings with the physiotherapist
are critical to ensure prompt recovery [1]. However, the exact amount of time required to provide
favourable patient outcomes is not entirely clear cut, but evidence from the aforementioned studies
has led to specific recommendations from multiple national health organizations: In Canada, the
Canadian Best Practices guidelines for rehabilitation requires no less than three hours of taskspecific therapy, five days per week. In the UK, the National Institute for Health and Care
Excellence recommends a minimum of 45 minutes of each relevant rehabilitation therapy, five days
per week. And, in Australia, the Australian Stroke Foundation, recommends at least one hour
of active practice of physical therapy, five days per week [2]. Yet, even with specific standards in
place, a study found that patients in an inpatient stroke rehabilitation unit in Canada received
an average of 37 minutes per day in therapeutic activities [3]. Furthermore, the consistency and
quality of exercises is not guaranteed between therapists, since their work performance can depend
on factors such as expertise, amount of fatigue, mood, and physical strength.
Outside of the hospital, patients requiring further treatment must personally schedule therapeutic sessions, and although access to a physiotherapist is manageable in many parts of the
world, scheduling follow-up meetings five days per week can be a cumbersome task for anyone,
and can be severely limited by the availability of the therapist and income of the patient. Patients must also overcome traveling and socioeconomic barriers to visit their therapists, which can
lead to skipped follow-up meetings, making their therapeutic sessions infrequent. Infrequency in
treatment sessions can lead to a phenomenon known as learned non-use (LNU), where the patient
compensates for their disability by using a healthy limb [1]. Furthermore, if patients attempt to
conduct exercises without a professional, the treatment may be done incorrectly, leading to lifelong
impairments such as severe muscular atrophy, chronic pain, and limited range-of-motion (ROM).

1.2 Mechatronic Solutions
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3

Costs of MSDs

The high maintenance associated with the recovery of MSDs has major direct and indirect costs.
Direct costs come in the form of initial surgery (if necessary), manual therapy, and subsequent
follow-up meetings with medical specialists. These costs are especially amplified when a patient is
too weak to perform the allotted exercises on their own, which can drastically increase the number
visits to a therapist. Indirect costs are incurred from patients becoming incapable of carrying out
activities of daily living (ADLs) or tasks associated with their careers from deficiencies in power,
flexibility, speed, and control.
An analysis of the costs of MSDs in Canada was completed in 1998, and estimated a total
of $25 billion in annual costs, making them some of the most costly health problems in Canada.
Direct costs of $7.5 billion mostly contributed to hospitals, premature mortality, physicians, and
physical therapists, whereas indirect costs of $18 billion contributed to lost wages, productivity,
and workers compensation expenditures due to disabilities [4, 5]. These numbers equate to 16% of
Canada’s total Health Care Costs, where 54% of that was related to disability. More recently, the
Global Burden of Disease study reported in 2016 that approximately 1.2 billion people su↵er from
MSDs worldwide [6]. These numbers are inflated when we include the 2.5 billion people that su↵er
from neurological disorders, since they are likely to require similar rehabilitation measures—in
some cases this may be a life-long requirement. The annual costs resulting from this are reported
to be approximately $33.5 billion in Canada [7]—an astonishing 34% increase in only 18 years—
and $213 billion in the U.S.A. [8]. Additionally, the world’s population age structure shows there
will be an exceptional increase in this burden for future generations [9].

1.2

Mechatronic Solutions

To mitigate these costs and improve patient outcome, mechanical braces are often fitted to the
a↵ected limb in order to limit the range of motion, or provide passive assistance using elastic
bands. Integrating elastic bands into mechanical braces have proven to be a good supplement to
manual therapy, since the controlled motion during ADLs can facilitate muscle fiber recruitment
and faster recovery [10]. However, these passive assistive braces are limited to only providing help
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with cyclic motions, such as walking (swaying arms), and lack an ability to provide active voluntary
assistance for more complex tasks. To address this problem, studies have shown that the use of
mechatronic braces are practical—even essential—in conducting post-operative rehabilitation [11].
There is conclusive evidence that supplementing traditional therapy with robotic methods benefits
the rehabilitation process throughout all stages of recovery [12–15]. This is an expected discovery
since robotic devices are inherently able to carry out cyclic, power hungry tasks that require
frequent and accurate repetition. In addition to this, studies led by Krebs et al. provided evidence
of significant increases in strength recovery when robotic aided rehabilitation was used in place of
traditional manual therapy, concluding that the performance increase resulted from the consistent
and accurate movements of the robot-aided group [16, 17].
Although some recent literature is questioning the usefulness [18], there are other underlying
factors that make robotic therapy a better choice. For instance, patients tend to skip follow-up
meetings due to social and economic problems, forgetfulness, and a general lack of motivation
[19]. This can be attributed to difficulties patients have in adjusting their schedules to match their
therapists availability, having low income, or having no mode of transportation. With a portable
robotic device, patients can perform therapy at home for as long as they want. Furthermore, there
is potential for the implementation of virtual reality games in order to motivate self therapy and
improve patient compliance [20].
With modern technology, it is now possible to create devices that can provide remote rehabilitation that imitates—even considerably improves—the physical task of a therapist. For instance,
modern sensors, such as inertial measurement units (IMUs) and force sensitive resistors (FSRs),
are capable of providing accurate tracking of performance metrics allowing therapists to closely
monitor the healing process, and accordingly, adjust the exercises to each unique patient. With
automated assistance, a therapist could take on a supervisory role, increasing productivity and
reducing costs, however, this new technology does not need to be limited to clinical settings, thus
wearable devices are an emerging area of interest in this field.

1.2 Mechatronic Solutions

1.2.1
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Wearable Mechatronic Systems

Wearable mechatronic systems, also known as exoskeletons, are mechatronic systems that provide
manipulation of individual limbs in order to execute assistive or resistive movements. Exoskeletons
are a promising field of research when it comes to rehabilitation since they can be designed to
be fully wearable and portable, which fundamentally makes them a physical extension of the
human body. Consequently, this opens up an enhanced level of control and assessment to the
patient and the physiotherapist, since the mechatronic system can be programmed to adapt to
the patient’s rate of improvement by adjusting the strength of the actuators, and by collecting
vast amounts of accurate and precise data through the use of embedded sensors. Accordingly,
this allows patients to perform daily tasks and rehabilitative exercises more frequently on their
own, while providing professionals with reliable data to adjust the process as needed. If properly
designed and implemented, this leads to a significant reduction in economic costs by improving
both the speed and quality of recovery, and by allowing physiotherapists the freedom to take on
more patients with enhanced assessment capabilities.
Upper-limb exoskeletons are especially of interest in this field, since our upper limbs contain
multiple redundant degrees-of-freedom (DOFs), thus allowing us to perform intricate daily tasks
such as brushing our teeth, drinking from a cup, or using a cell phone. In contrast, lower limbs
have fewer degrees of freedom and usually only require cyclic movements to provide movement such
as walking and running, making them less difficult to design and control. Additionally, the lower
limbs provide enough stability to support larger motors since the weight of the device can be easily
situated below the waist line, and in some cases the frame can be designed to be mechanically
grounded to support itself [21]. For these reasons, lower-limb exoskeletons are widely accepted in
clinical settings [22]; however, for an upper limb exoskeleton to be accepted, it must be lightweight
enough to be supported comfortably by the lower body and spine, and it must be compliant and
flexible enough to dynamically and safely conform to the biological profiles.

1.2 Mechatronic Solutions

1.2.2

6

Conventional Actuation Methods

There have been a large number of upper-limb wearable exoskeletons presented throughout the
literature; however, due to the reasons stated above, there is a lack of upper-limb mechatronic
exoskeletons on the market and in the clinic. This is in large part due to the current limitations
of the technology existing in the subsystems that make up a mechatronic device. Gopura et al.
completed a comprehensive reviews on upper-limb mechatronic exoskeletons in 2016 [23], in which
over 100 upper-limb designs were assessed. It was noted that existing actuators were often the
defining factor in the performance, size, and weight of each design. It was found that about
72% used electric motors, 20% used pneumatic actuators, 5% used hydraulic actuators, and 3%
used non-conventional methods such as shape-memory alloys. The concluding remarks stressed
that there is a need for higher performance actuators with slimmer profiles than those currently
available. It was further noted that these actuators, being an extension of the human body, should
have biomimetic properties—i.e., the ability to mimic the performance of biological muscles, which
includes properties such as flexibility, variable compliance, and high power density. This review,
along with others have also stressed the importance of backdrivability, which is the ability to move
the device in the event of a power loss [13]. These distinctive properties have the potential to
provide inherent protection and a lifelike feeling for the wearer.
The development of electromagnetic-based motors—e.g., direct current (DC) motors, brushless direct current (BLDC) motors, and 3-phase BLDC motors—has been mostly driven by nonwearable applications, and because they have gained so much momentum and trust over the past
century, they have become the go-to for many technological developments. The most notable
benefits of electric motors are their high efficiency, controllability, torque density, and bandwidth,
and for these reasons, along with their extensive background, most wearable designs have found it
more plausible to stick with this type of actuation [13]. In order to adapt these motors to safely
interact with humans, series elastic actuators (SEAs) have a compliant element in series with the
load, which allows them to become inherently compliant, while also causing providing better efficiency by storing the kinetic energy from external disturbances as potential energy in the elastic
component [24]. However, this still does not provide control over the amount of sti↵ness, which is

1.2 Mechatronic Solutions

7

something that can be accomplished using more intricate techniques.

1.2.3

Variable Sti↵ness Actuators

Designs found in literature, commonly refer to these systems as variable sti↵ness actuators (VSAs),
which can be accomplished by incorporating additional actuators to physically alter the compliance
[25, 26]. One popular method is known as the mechanically adjustable compliance and controllable equilibrium position actuator (MACCEPA), coined by Van Ham et al.in 2007 [27]. Although
the MACCEPA method e↵ectively provides the variable sti↵ness properties, it introduces many
complex linkages and an extra motor, which present unwanted complexity and cost, while compromising the overall stability of the system. The downside to the SEA and MACCEPA methods
is that sti↵ness range is still dependent on the mechanism design, thus the default sti↵ness needs
to be carefully chosen to align with the expected tasks [28]. Twisted string actuators (TSAs) are
another type of VSA that uses two motors to twist and contract antagonistic strings about a pulley
[29]. Although this design reduces the overall mechanical complexity and weight, it still requires
the instrumentation of inherently rigid motors.
Impedance can also be controlled directly through software by tracking force and position from
embedded sensors. This method is sometimes preferable since it can be built with fewer components, however it also can pose a safety risk around humans, since the system is not backdrivable
or compliant when the power is disconnected [30]. For instance, the NEUROExos can provide
high transparency between the user and robot by incorporating larger motors to simulate natural
movements, however this e↵ectively limits the device to being a stationary apparatus [31].
Even with a successful implementation using the methods described above, an argument can
be made that electric motors are not ideal for wearable solutions. The most significant issue is
their inherent rigid and cylindrical form factor, which requires the implementation of rigid linkages,
gear reduction transmission systems, and complex mechanisms to support the inclusion of passive
components. This ultimately adds a significant amount of volume, weight, cost, and complexity
to the overall design, leading to wearable devices that are either not discrete [27, 32], or that must
be kept stationary [31, 33–36]. This has led to rapid growth in the field of soft actuators, which
are made from textiles that are soft, lightweight, and flexible.
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8

Soft Actuators

Soft (or flexible) robotics provides biomimetic solutions to wearable devices, since they provide special advantages such as low inertia, environmental adaptability, minimal restriction to the wearer,
and flexible form factors. Conventional soft actuators usually include the use of hydraulic cylinders
[37], and pneumatic McKibben cables [38, 39], which have been shown to provide many biomimetic
properties such as sti↵ness control, inherent compliance, and high specific power. Pneumatic actuators are the most popular since they do not require closed loop systems, and are lightweight
enough to yield full body exosuits [39–41]. They have also been combined with molded elastomeric
chambers with fiber reinforcements to induce specific bending and twisting motions when pressurized allowing them to be mechanically programmed to match and support a specific ROM for
individual joints [42]. Although, these actuation methods have been proposed and developed to
provide the necessary biomimetic properties, they have been restricted by the necessity to house
loud air compressors, fluidic pumps, and complex valve systems. When it comes to the design of
portable exoskeletons—especially of the upper limbs—the tight spatial constraints and comfort of
the wearer are paramount, leading to a paradigm shift where biocompatibility plays a much larger
role than common performance metrics, and overall viability of traditional motors is fundamentally reduced. Therefore, there still exists a desire to find a controllable, biomimetic actuator that
eliminates the need for conventional actuation mechanisms: the solution may exist in the field of
smart materials.

1.2.5

Smart Materials

Smart materials have shown promise in the field of soft actuation, since they can produce reversible
changes in their shape, size, and material properties, in response to external stimuli such as
electricity, humidity, heat, and light. This approach takes advantage of the unique abilities of
certain materials to shape-shift, resulting in properties that traditional actuators simply cannot
provide; this includes reduced noise, high power density, high bandwidth, pure linear motion,
compliance, low weight, and high flexibility. However, not all smart materials are made equal,
hence the performance characteristics can vary significantly depending on various factors such
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as the microscopic structure (material), the macroscopic structure (form factor), the fabrication
methods, and required stimulus. There are many types of smart actuators found in the field of soft
robotics, such as electroactive polymers (EAPs), shape-memory alloys (SMAs), magnetostrictive,
piezoelectric, and carbon nanotubes, to name a few, but the most popular are EAPs and SMAs,
so for simplicity, these two will be the focus of this section.
EAPs are typically made from soft rubbery materials that contract either from an electric
field (electronic EAPs), or ionic di↵usion across a membrane (ionic EAPs) [43]. Both types of
EAPs have been shown to produce high mechanical stresses, up to 7.7 MPa, large output strains,
up to 380%, high conversion efficiency >30%, and bandwidth, up to 1400 Hz. These exceptional
performance characteristics make EAPs the most widely researched smart material throughout the
literature. However, there are considerable shortcomings associated with each that compels them
away from wearable applications. For instance, electronic EAPs require a stimulation voltage in
the kV range, which makes them unsafe for applications surrounding the human body, while ionic
EAPs require a moist environment with sufficient electrolytes to operate, which is not ideal for
wearable systems using textiles that are preferably dry. Furthermore, since the spacing between
conductive layers of EAPS is typically less than 0.1 mm, meaning that the total displacement is
small even though strains are large.
On the other hand, SMAs are a type of thermally driven actuator that have gained interest in
the field of smart materials. They convert thermal energy into mechanical energy by taking advantage of the shape-memory e↵ect in certain metal alloys such as nickel titanium (a.k.a. Nitinol).
SMAs have the ability to maintain a deformed state and recover to the initial state upon heating,
therefore they are usually fabricated into a default coiled state that, when heated, can produce
tensile stresses up to 200 MPa, yielding a specific power up to 50 kW/kg. However, they are highly
inefficient (less than 2%), and the transition between states is mostly binary, and contains a large
amount hysteresis—up to 27 C—making the design of control systems difficult to achieve [44].
Another type of thermal actuator is made from the twisting and coiling of nylon 6,6 fibers
and has shown exceptional performance for applications involving human interaction. The twisted
coiled actuator (TCA) takes advantage of the anisotropic thermal expansion properties inherent
in polymeric materials, to produce contractions of up to 21%, stresses of up to 35 MPa, and power
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densities of up to 27.1 kW/kg [45, 46]. TCAs also provide a much more linear response than
SMAs, exhibiting hysteresis less than 1.2 C vs. 27 C, respectively. Furthermore, the nylon 6,6
threads used to make TCAs can be bought o↵-the-shelf at low-cost with conductive silver coating,
enabling convenient electrothermal actuation by joule heating. In joule heating, a voltage or current
is supplied to the TCA to provide resistive heating, thus allowing control over the temperature by
adjusting these inputs. Another benefit of TCAs is their simply fabrication process, which consists
of simply twisting the thread under a constant load until it fully self-coils.

1.3

Actuator Comparison

Studies from the literature have often compared the performance of smart materials with individual
biological muscle fibers in terms of various performance metrics such as stress, strain, strain rate,
bandwidth, power density, efficiency, and sti↵ness [47, 48]. Therefore, a detailed comparison
between EAPs, SMAs, TCAs, and biological muscle was conducted based on information gathered
from a variety of sources. The results are presented in Table 1.1[45, 47–51], where the performance
metrics are defined as follows:
Stress is the force developed in an actuator per cross-sectional area. Peak stress is provided,
which represents the maximum stress that a material can sustain for a given position.
Strain is the displacement in the direction of actuation, normalized by the resting length of the
material.
Strain rate is the average change in strain per unit time and is based o↵ peak contraction times.
Bandwidth is defined here as the frequency at which the strain drops to half of its low frequency
amplitude (also known as its -3 dB cuto↵ frequency). Although SMAs and TCAs could
be actively cooled to produce higher bandwidths, the numbers presented are based on the
maximum reported findings when actuated in still air with no active cooling.
Specific power is the peak power output per unit mass of the material and does not consider
the weight of additional accessories such as cooling systems or power supplies.
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Table 1.1: Performance comparison of actuators.
Property
Stress (MPa)
Strain (%)
Strain Rate (%s 1 )
Bandwidth (Hz)
Specific Power (kW/kg)
Efficiency (%)
Elastic Modulus (MPa)

Muscle
0.35
20
500
7.8
0.284
40
50
5

EAP
7.7
380
450
10
3.6
30
5
1.7

SMA
200
8
300
0.25
50
2
78,000
3

TCA
35
21
225
0.03
49.9
2
155
4.4

Efficiency is the ratio of mechanical work, created by the actuator, to the required amount of
input energy.
Elastic modulus is the stress divided by the strain, measured in units of MPa. Furthermore,
the ability to vary sti↵ness is given by the symbol

, which represents the ratio between

maximum sti↵ness (shown) and minimum sti↵ness (not shown).
Based on the data presented in Table 1.1, an argument can be made toward or against the
use either type of actuation method when compared to biological muscles; however, in order to
provide a fair comparison, there are important considerations to discuss about each property.

1.3.1

Sti↵ness

A remarkable property of muscles is that although a single biological muscle fiber can change its
sti↵ness by a factor of five, whole muscle groups have shown a 40-fold increase [52]. This is done
through the variable recruitment of parallel muscle fibers. Specifically, by having a sufficiently large
number of muscle fibers in parallel, the nervous system can progressively increase the percentage
of activated fibers from a slack state in order to add to the total sti↵ness of the whole muscle. The
lack of sti↵ness variation in smart materials can be overcome in the same way, as long as they can
be easily constructed into many individually controllable parallel units; this has been previously
demonstrated with 16 parallel TCAs that produced a linear sti↵ness output with the number of
activated TCAs [53]. With variable recruitment, resolution can be improved with a lower sti↵ness
in individual motor units, since this would result in smaller jumps in sti↵ness. One issue with
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TCAs, however, is that their baseline sti↵ness is relatively high compared to biological muscles,
therefore many TCAs in parallel would result in a sti↵ joint. So it may be desirable to assess
the capabilities of individual TCA strands to adjust their sti↵ness based on temperature, and to
evaluate their biomimetic behaviour when placed in an antagonistic configuration. It should also
be noted that, in coiled actuators like TCAs and SMAs, the coil geometry also plays a major role
in the sti↵ness, since a larger coil diameter will produce larger stroke and lower sti↵ness.
On another note, the elastic modulus presented in Table 1.1 is not a fair representation of the
sti↵ness, since it is a measure of the sti↵ness normalized to the length and cross-sectional area,
yielding units in MPa. The sti↵ness, however, is a property associated with the geometry and
measured by dividing an applied force by the resulting displacement, or vice versa, yielding units
in N/m. Both quantities are useful in evaluating performance, however, since the final sti↵ness
of an actuator is dependent on the geometry, sti↵ness would be a more direct metric to compare
flexible actuators. Yet, since there are countless geometries and fabrication methods for these
types of actuators, the elastic modulus is usually given in normalized units, hence, why this metric
is given in Table 1.1.
Antagonistic muscle pairing is another interesting property of muscles that allows their tensile
actions to extend following a contraction. Consequently, when two opposing muscles contract
around a joint, their forces will subtract, and their sti↵nesses will add [47]. This results in full
control of the force and sti↵ness of a joint from two independently activated muscles, whereas a
single muscle can only exhibit a change in sti↵ness as a linear function of the generated force.
This is why individual actuator sti↵ness is not necessarily as important as the ability to combine
multiple in parallel, however, since sti↵ness is additive for parallel configurations, it is beneficial
to keep this number low for individual units.

1.3.2

Stress, Strain, and Power

The stress and strain requirements are important to consider, however their ability to provide sufficient mechanical power depends on the mass and spatial constraints of the load. When considering
upper-limb exoskeletons, the a↵ected muscle groups will determine which limb segments need to
be assisted, thus indicating the spatial constraints, required typical force, and ROM. Therefore,
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if the objective is to provide any amount of assistive force to any given joint, then the required
actuator stress and strain would depend highly on the placement of the anchor points, the geometry of any pulley or lever mechanisms, and the spatial constraints. Furthermore, depending on
the type of disorder and physical attributes of the patient, additional stresses can be induced such
as muscle spasticity from stroke or long periods of immobility. Mechanical power, i.e., stress ⇥
strain, is also an important factor since actuators with greater power density (power-to-volume)
could be made more compact, while those with greater specific power (power-to-weight) could be
more lightweight.

1.3.3

Bandwidth and Strain Rate

The bandwidth and strain rate can be limited by a range of factors including the size of the power
delivery system, the heat transfer capabilities, the inertia and geometric properties of the load,
and the kinematics associated with the energy transduction method. Based on these factors, the
numbers provided in Table 1.1 do not represent the ultimate limits, but just the capabilities shown
throughout the literature.
Consequently, although muscles have been shown to produce a 7.8 Hz bandwidth [50], a study
conducted on the bandwidth requirements for telerobotic devices reported that a minimum frequency of 2–4 Hz was essential to assist natural movements [54]. Exoskeletons designed to supplement rehabilitation programs may require a further reduction in bandwidth requirements due
to the fragility of the a↵ected limbs from neuromuscular damage, severe atrophy, or long period
of immobilization [55]. Studies have shown that slow contraction exercises significantly improve
proprioception and mind-muscle connection. This is because performing slow movements allows
the brain to consciously adapt to the required movement instead of subconsciously compensating
for lost motor activity [56]. Strength gain has also been shown to be proportional to the training
volume, which is a measure of the force and repetition time, meaning slow movements with low
force are just as e↵ective as fast movements with high force. For patients recovering from surgery,
the former might be advisable in order to gain the added benefits of muscle and tendon protection,
as well as proprioceptive training. Two studies found a significant increases in muscle growth
during knee extension exercises for low speed movements between 0.05 Hz and 0.167 Hz when
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compared to high speed movements between 0.3 Hz and 1 Hz[56, 57]. Although these studies concerned lower limb movements, the characteristics of biological muscle are independent of location
[47], and so we assume here that the notion of slower movements resulting in faster muscle growth
translates to the upper limbs. Therefore, a more conservative estimate of the required bandwidth
for rehabilitation can be deduced from these results to be at least 0.05 Hz.

1.3.4

Efficiency

A major limiting factor surrounding TCAs—and all thermal actuators—is that the efficiency is
severely diminished due to the inherent properties associated with thermal processes. This leaves
TCAs and SMAs with efficiencies less than 2%, while biological muscles and electric motors can
provide 40% and 90% efficiency, respectively. However, thermal processes can theoretically be
optimized based on the laws of thermodynamics. For instance, stored thermal energy can in principle be recovered in a closed system, and if all energy is recovered then the maximum theoretical
efficiency is determined by the maximum temperature di↵erence between the hot and cold cycles,
according to the Carnot efficiency equation (⌘c ) described by Eq. 1.1, where TC and TH , are the
lowest and highest temperatures in Kelvin [K], respectively. For example, based on the literature,
TCAs can be actuated between up to 240 C (513 K) without failing, therefore if we assume a lower
limit of ⇡ 25 C (298 K), the theoretical maximum efficiency is approximately 42%. Therefore,
these thermal actuators have a lot of room for improvement in this area.

⌘c = 1

1.4

TC
TH

(1.1)

Actuator Selection

Based on the information provided above, there are a few key factors that facilitate the use of TCAs
in wearable rehabilitation devices, and that make tackling their issues, a worthwhile endeavor.
Since TCAs are a thermal actuator, there consists many similarities to SMAs, however, the
main advantage that TCAs have is the low hysteresis, making them considerably easy to predict
and control. In comparison, SMAs have exhibited 27 C hysteresis, while TCAs have shown 1.2 C,
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which in theory should be 0 C; however, according to Haines et al. may have been caused by
temperature lag of the measuring device [45]. The hysteric properties of SMAs are caused by
their operating mechanics that allows them to transition between two binary states, where each
state has an associated sti↵ness and geometry. This property may work well for variable recruitment modalities, discussed earlier, but makes controlling the sti↵ness and force of a single SMA
problematic. In contrast, TCAs operate based on the phase transition of polymer chains, which
respond as a linear function of heat.
In terms of bandwidth, SMAs have an advantage over TCAs, since they are made from a
thin metal wire, allowing them to store less thermal energy and transfer it more rapidly. On the
other hand, TCAs are made from nylon, which has a lower thermal conductivity, and they have
a larger diameter and volume, requiring them to move more thermal energy in order to alter the
total temperature. Despite these discrepancies, SMAs and TCAs are at a significant disadvantage
over EAPs in terms of speed and efficiency due to the quick process of ion di↵usion and electron
transportation. EAPs, however, contain major drawbacks such as large excitation voltages, low
total output strain, and the dependence on wet operating conditions, making low voltage thermal
actuators a safer choice. This has lead many researchers to investigate the use of di↵erent passive
cooling environments such as in liquid or forced air convection mediums, to improve the cooling
rates of SMAs and TCAs, resulting in bandwidths greater than 5 Hz; unfortunately, there’s still a
catch [45, 49, 51, 58, 59]. Operating in these environments severely lowers their efficiency due to
the additional heat absorption during the heating phase, resulting in increased power consumption
for the same mechanical output. In order to provide the best of both worlds, active cooling systems
can be designed to supply increased thermal dissipation only when necessary.
Based on these considerations, TCAs seem to contain the desirable properties of SMAs without
the large hysteresis, and have been shown to provide the exceptional bandwidth capabilities with
the appropriate cooling methods. TCAs also show a lot of versatility in these areas since their
heating element can be constructed to work with any voltage potential, they can operate in almost
any liquid or air environment, and properties, such as length and coil diameter, can be customized
to provide the necessary sti↵ness, strain, and force capabilities. Although TCAs contain the inherent problems associated with thermal actuators, their biomimetic characteristics and mechanical
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capabilities make them a suitable option for wearable devices; therefore, it is worth investigating
solutions to their inherent issues.

1.5

General Problem Statement

In engineering, component selection is never trivial, since there are always trade-o↵s in the available
options. For instance, DC motors, pneumatic muscles, and hydraulic cylinders have all viable
options for wearable designs, however, they all contain positive and negative benefits. For instance,
DC motors are a well-known, efficient, and controllable actuator, but they are confined to rigid
cylindrical form factors. This does not stop them from being implemented into wearable designs,
instead engineering research and analysis provide solutions to help attenuate these issues. In
the case of DC motors, compliance has been improved through the implementation of springs
or impedance control algorithms. The field of smart actuators is an important area of interest
since these actuation methods contain specific properties useful for wearable application, of which
convectional actuators simply cannot provide; and although they present many challenges, the
main benefit of using them is the freedom from having to design around rigid motors and innovate
toward seamless integration into wearable devices. As this field of actuators continues to grow with
the emergence of new materials and fabrication methods, so does the list of available options, of
which TCAs have demonstrated exceptional performance such as fast actuation speeds and variable
sti↵ness characteristics, all in a low weight, low-cost, and flexible form factor. Therefore, we
need to find solutions to their surrounding issues in order to make them a suitable
candidate for exoskeleton designs.

1.6

Research Objectives

The objectives of this thesis are therefore focused on the improvement of TCAs in three specific
areas: i) The first is to improve the biomimetic properties of TCAs by evaluating their ability to
regulate the sti↵ness and position in an antagonistic configuration. ii) The second is to improve the
bandwidth while maintaining efficiency through the implementation of an active cooling system.
Part of this objective is to evaluate the e↵ect various cooling mediums and apparatus dimensions,
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on these performance metrics. iii) The third and final objective is to evaluate the feasibility of
actively cooled TCAs in a wearable application. These three objectives have been divided into four
chapters throughout this thesis, with each chapter providing additional background information to
support the motivation behind each study. It is hopeful that the completion of these objectives will
help to inform the development of soft actuation solutions in order to benefit wearable mechatronic
devices, therapists, and most importantly, patients su↵ering from musculoskeletal disorders.

1.7

Thesis Outline

The remainder of this thesis is outlined as follows:
Chapter 2 Operating Principles of TCAs: This chapter provides a brief history of TCAs including their operating principles of TCAs and relevant studies found throughout the
literature.
Chapter 3 Antagonistic Control of Twisted Coiled Actuators: This chapter will explore the
biomimetic control of TCAs through the implementation of a controller that provides
variable sti↵ness and position control of an antagonistic arrangement of TCAs.
Chapter 4 Cooling Methods for Twisted Coiled Actuators: This chapter evaluates and compares
the performance of TCAs in an active cooling apparatus using two cooling mediums:
water and pressurized air.
Chapter 5 Thermal Model of Actively Cooled TCAs: This chapter introduces an analytical
model of an active cooling apparatus for TCAs using pressurized air.
Chapter 6 Feasibility and Validation of TCAs in Wearable Applications: This chapter evaluates
the feasibility of actively cooled TCAs in a simplified, single degree-of-freedom, wrist
extension apparatus.
Chapter 7 Conclusions and Future Work: This chapter presents an overview of the major contributions throughout this thesis, discusses the limitations, and proposes suggestions
for future work.

Chapter 2

Operating Principles of TCAs
Twisted coiled actuators (TCAs) were first introduced as early as 2011 using carbon nanotubes
(CNT) as the base material. This discovery showed how the anisotropic thermal expansion of CNT
threads could be leveraged to produce much larger actuation strains when twisted and coiled into
a spring-like structure [60]. This proved to be a reliable and reversible actuation method for soft
applications requiring high power and high strain outputs; however, the fabrication methods of
CNT threads were relatively costly and complex. It was not until 2014 that Haines et al. introduced
the polymer-based TCA, which exploited easily accessible polymers, such as nylon thread, for their
high anisotropic thermal expansion, to produce similar results for a fraction of the cost [45, 46].
Since then, many studies have demonstrated reliable control using simple feedback systems to
regulate temperature, force, or position, which has illustrated the versatility of TCAs in a variety
of interesting applications including robotic fingers [61], robotic hands [62], exoskeleton gloves [63],
self-tightening bras [64], biomimetic tentacles [65], and soft crawling robots [66], to name a few.
However, analytical models of TCAs have shown to be much more difficult to achieve, which is
largely due to the complex behaviour of the sti↵ness during contraction [67]. Early research found
that the sti↵ness-temperature profile was highly strain dependent, and concluded that the coiled
structure of TCAs caused large increases in sti↵ness during contraction upon inter-coil contact. In
order to understand this complex behaviour, the underlying operating principles of TCAs need to
be explained from the molecular level.
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Operating Principle

The twist in TCAs is typically accomplished by applying a constant load to the end of the precursor
fiber and twisting until the twists convert into writhe (coils). Depending on the size of the load,
coils will spontaneously form when at a certain critical twist density, resulting in di↵erent coil
diameters; however, insufficient loads will cause the fiber to curl, and overloading can break the
fiber. Coils can also be formed by wrapping the twisted fiber around a mandrel before it begins
to coil, which provides additional freedom in determining the spring index and maximum stroke
capabilities. Also, depending on the material properties of the precursor fiber and the number of
fibers twisted in parallel, the final geometry and mechanical properties of the final coil will change.
The tensile actuation observed in TCAs upon heating is actually caused by the torque produced
by the untwisting of the precursor fiber, thus decreasing inter-coil separation, as illustrated in Fig.
2.1b. To explain this e↵ect of untwisting, it is important to understand that TCAs are made
from polymers, which are composed of long chains of repeating sub units, or monomers (“single
molecules”), that when heated, will produce anisotropic thermal expansion—i.e., the axial and
radial expansion coefficients are di↵erent. Figure 2.1a illustrates how one of these chains would be
oriented along the outside shell for a twisted and non-coiled fiber. Now that the polymer chains are
formed into a helical path around the outer shell, the fiber is expected to try to untwist if the chains
contract along the helical path, or when there is radial expansion. The combined e↵ect of axial
contraction and radial expansion would provide large torsional strokes, therefore fibers with large
anisotropic thermal expansion are desired. Studies have found that highly drawn semi-crystalline
polymers contained a high degree of polymer alignment along the fiber axis, resulting in large
anisotropic thermal expansion—to the point of axial contraction and large thermal expansion—
while providing sufficient mechanical strength.
The molecular structure of semi-crystalline polymers contain regions of ordered (crystalline)
and non-ordered (amorphous) polymer chains, where the volume fraction of each region depends on
the fabrication process. The anisotropic thermal expansion of these highly drawn semi-crystalline
polymers has been described previously by Choy et al., where the negative thermal expansion has
been shown to be attributed to the contraction of amorphous tie molecules between the crystalline
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(a)

(b)

Figure 2.1: Depiction of a polymer chain in the outer shell of a fiber after twisting and coiling. a)
For a polymer fiber that is twisted, the contraction of the polymer chains will follow the helical
path causing the fiber to untwist. b) After coiling, this untwisting force will cause a decrease in
inter-coil separation, thus causing the coil to contract axially.
regions [68, 69]. This shortening is caused by the Gough-Joule e↵ect that allows the modulus of
the amorphous molecules to increase when heated [70]. This e↵ect is based on the theory of rubber
elasticity and entropic springs, and has been summarized in Appendix A. Due to the contraction of
tie molecules, a force balance occurs between the compression of the crystalline blocks and tension
of the amorphous molecules [45, 68, 69]. Furthermore, the radial thermal expansion continues in
the amorphous region until restricted by the thermal expansion of crystalline blocks. This e↵ect
can only occur above the glass transition temperature (Tg ), where below this temperature, the
molecules are in a frozen state, where it is difficult to move past each other, to an active state that
is rubbery and viscous.

2.1.1

Properties of Nylon 6,6

The amount of crystallinity determines the macroscopic properties such as mechanical strength,
flexibility, and melting temperature. This is because the amorphous regions contribute to the
elasticity, while the crystalline structures contribute to the strength and sti↵ness. A popular semicrystalline polymer used for TCA fabrication is nylon 6,6 due to its high melting point, large
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anisotropic thermal expansion, wide availability, and low cost. With a melting point of 260 C,
nylon 6,6 can be heated safely to 240 C to produce thermal contractions of twisted, non-coiled
fiber over 4%, and up to 50% contraction after mandrel coiling. Additionally, this material is
available with embedded silver plating, which facilitates fabrication by providing a built-in joule
heating method for thermal activation. Nylon 6,6 has a high amount of crystallinity and a large
degree of fiber orientation along the length axis, giving it high load lifting capabilities and large
anisotropic thermal expansion, yielding non-twisted fiber axial contractions of up to 2.5% and
radial expansions of up to 5% [68].

2.1.2

Fabrication

In order to prevent untwisting of the TCA after fabrication, an annealing process is required that
allows the polymer chains to reorient themselves in the twist direction, thus locking in the helical
shape. This technique is used to anneal TCAs made from either mandrel coiling or self-coiling
methods, however, self-coiled TCAs can be plied together to produce the same e↵ect while also
adding strength and durability to the actuator. Therefore, the self-coiling and plying method is the
most common fabrication process among researchers [45, 71]. The result is a reduced stroke length
of approximately 21%, compared to mandrel-coiled TCAs, which produce up to 50%; however,
with much greater lifting capabilities.

2.1.3

Sti↵ness

Haines et al. measured the sti↵ness and strain of a TCA under constant loading conditions, observing an increase in strain, but a decrease in sti↵ness with increasing temperature. Furthermore,
upon inter-coil contact, around 125 C, strain deceased as expected but a sharp 10-fold increase
in sti↵ness occurred. This is not expected if we consider Hooke’s Law (Eq. 2.1), which defines
the output force (F ), as a linear function of the sti↵ness (k), and the displacement between the
initial/rest (x0 ), and final (x) length. If the TCA is considered a spring of variable sti↵ness, then
k should increase when contraction occurs under constant loading conditions.

F = k(x

x0 )

(2.1)
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To help explain this phenomenon, it is best to think about the TCA if the coils could not
bump into each other. Now, when you heat up the TCA, the material it’s made from decreases in
sti↵ness as it approaches Tg . At the same time however, x0 also decreases as the material/structure
fundamentally gets shorter. This means that more load (F ) can decrease the amount of actuation
you get, but as long as x0 is still getting a lot shorter, the net result is still contraction. When
inter-coil contact occurs in the actual TCA, x0 continues to rise, thus increasing the compression
force between the coils, creating the appearance of increased sti↵ness.
This explanation does not however consider that nylon 6,6 has a Tg of 57 C [72]; therefore
it is expected that the sti↵ness should decrease up to that temperature then start increasing in
accordance with the entropic spring equation (Eq. A.4 in Appendix A), which resembles Hooke’s
Law, but with the spring constant, k as a function of the temperature T . If we consider the shear
modulus of the fiber as opposed to the tensile modulus, then sti↵ness of a helical spring can be
used to explain this discrepancy.
Equation 2.2 defines the sti↵ness of a helical spring as a function of the shear modulus (G),
the spring wire diameter (d), the coil diameter (D), and the number of turns in the coil (N ). The
shear modulus of a TCA will decrease as the molecular rotation between singular bonds becomes
favourable, thus the competing e↵ects of the radial expansion and reduction in modulus occur
simultaneously when heating. These factors nearly cancel out since the modulus decreases by
⇡10% [73] and the wire diameter increases by ⇡2.5% [68].
k=

Gd4
8D3 N

(2.2)

Figure 2.2 shows an exaggerated view of this e↵ect by plotting the force-displacement profile of
the TCA at three di↵erent temperatures, where the blue and red lines indicate temperatures below
and above Tg , while the yellow line represents an intermediate temperature. The steep drop o↵
of the red and yellow curves indicates the inter-coil contact, due to their inability to pass through
each other. The rounded curvature at these points illustrate that the inter-coil contact does not
occur instantaneously, thus allowing the sti↵ness to be progressively increase close to this region.
The complex sti↵ness profile observed by Haines et al. can be imagined by following the arrow
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Figure 2.2: Theoretical force–displacement curves of the TCA at multiple temperatures. This
theoretical plot depicts three force–displacement curves followed by the TCA when held at di↵erent
temperatures increasing from below the glass transition temperature (Tg ), shown in blue, to above
Tg , shown in red, with an intermediate stage shown in yellow. Following the three arrows shows
an exaggerated view of how the slope of the curve (the sti↵ness) changes under di↵erent loading
conditions. The arrow labeled “1,” shows an isotonic loading condition (constant force) with
insufficient loading, thus producing a sharp increase in sti↵ness as inter-coil separation is decreased
during contraction. The second arrow (“2”) indicates the same loading condition, but with an
increased load that provides a larger initial strain, thus allowing the TCA to fully contract before
inter-coil contact occurs. Finally, a isometric condition (constant position) is depicted by the third
arrow (“3”), which is not a↵ected by the coils, therefore only seeing a slight decline in sti↵ness as
the temperature rises.
labeled “1” from the initially unheated TCA to the left, indicating a constant load. Additionally,
the arrow labeled “2” shows how the load can be increased to achieve a normal sti↵ness profile since
the TCA would not have the strength to move that load into the coil contact region. Finally, the
third arrow (“3”), indicates how constant position a↵ects the sti↵ness profile, showing an increase
in force and a slight decrease in sti↵ness due to the spring coil equation above.
Based on these observations, it is clear that the sti↵ness property of the twisted and coiled
polymer is complex and depends on many factors including the molecular energy, the radial expansion e↵ects on the coil sti↵ness, and the entropic spring sti↵ness. It is important to note,
however, that recent studies have measured the e↵ects directly and confirmed that the slope of
the force–displacement curve (sti↵ness) does not decrease significantly prior to coil contact due to
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the canceling e↵ects of radial dilation and modulus reduction in Eq. 2.2. However, complexity
is added when considering insufficient loading conditions that cause the coils to contact. Despite
this, most control models throughout the literature compensate for the complex sti↵ness profile
using feedback control methods, which can work for most systems with sufficient amount of tuning
e↵orts, however a proper model of the system would allow numerical models to be developed in
order to optimize their behaviour and make predictions when used in dynamic systems.

Chapter 3

Impedance Control
This chapter was adapted from ‘Sti↵ness Control of a Nylon Twisted Coiled Actuator for Use
in Mechatronic Rehabilitation Devices’, published in the Proceedings of the IEEE International
Conference on Rehabilitation Robotics (ICORR), London, England, July 17–20, 2017 [74].

3.1

Introduction

Through an antagonistic arrangement of biological muscles, humans have control of the sti↵ness
and equilibrium position of each joint in the body [47]. In this respect, biological muscles can be
viewed as variable-sti↵ness actuators, making them both compliant to external forces and actively
controllable. This is an important property that allows humans to e↵ectively and safely interact
with surrounding objects while also utilizing the elastic properties of muscle fibers to efficiently
store and release potential energy. Additionally, having the ability to vary compliance allows
muscles to produce the natural gait observed in humans, instead of discrete robotic motions.
The literature provides an abundance of well-documented studies on the e↵ects of temperature
on the sti↵ness of TCAs [53, 75, 76], however most of these studies have used a series loading
configuration where either the isometric (constant length contraction) or isotonic (constant force
contraction) properties were evaluated. Antagonistic control of TCAs has been demonstrated
throughout the literature, however, control has been limited to either position or force regulation
[49, 61, 65], so there still exists a need to fully characterize TCAs for use in biomimetic applica25
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tions, specifically in an antagonistic configuration with sti↵ness control. Ishikawa and Nakamura
performed similar experiments on antagonistic SMAs, where the joint was modeled as the junction
between two parallel springs, in which the total joint sti↵ness was equal to the sum of both SMAs
[58]. A similar approach will be taken in this study since the TCAs can also be considered springs
with variable sti↵ness, however the expectations are still unknown since, as previously described in
Chapter 2, the sti↵ness of a single TCA strand follows a complex profile that is influenced by the
competing e↵ects of entropy, thermal expansion, molecular bond strength, and loading conditions
[45]. Furthermore, when two TCAs are connected antagonistically, the temperature–sti↵ness profile now depends also on the combined sti↵ness of both TCAs and the dynamic loading conditions
they contribute to each other.
In addition to controlling the joint sti↵ness, the position also needs to be controlled in order to
perform precision tasks. Ishikawa and Nakamura found that the lower joint sti↵nesses produced
smaller achievable displacements, which is also expected for TCAs, since fundamentally they are
tension springs that require external forces to provide an initial deformation. Therefore, this study
will simultaneously evaluate the positional range and sti↵ness variations with the temperature. The
implementation of a feedback control system will also be developed using position and temperature
sensors, and evaluated to test the feasibility of sti↵ness—position control using TCAs.
In order to ensure stable control of both the sti↵ness and position, the thermal characteristics
of the TCAs must also be considered, since these states are ultimately driven by the heat transfer
rates in the TCAs. More specifically, since the velocity of the joint requires that one TCA cools
while the other heats, the rate of heating and cooling should be matched in order to allow this
movement to be synchronous and avoid undesired variations in sti↵ness or position. However,
for the purposes of this study, active cooling was neglected in order to simplify the experimental
evaluation, meaning that the cooling rates cannot be actively adjusted and instead depend on the
degree of natural convection. Fortunately, since we are able to actively heat the TCAs using joule
heating methods, there is a high degree of control over the heating rates, and so a thermal model
can be used to calculate the required joule heating power that matches the heating and cooling
rates. More details of this control system will be discussed in later sections.
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Objectives

Thus, three primary objectives have been considered for this study. The first is to characterize the
joint sti↵ness of the antagonistic system as a function of the temperature of each individual TCA.
The second is to identify a thermal model in order to predict the heating and cooling rates of each
TCA. And the third, is to implement a sti↵ness—position feedback controller with the inclusion
of the TCA thermal model.
The following sections will describe the fabrication process of the TCAs and experimental apparatus, the development of the control system, the experimental procedures, the characterization
methods, and the final validation.

3.3

Actuator Design and Construction

The TCA structure used in this study was similar to the 2-4/TCA described by Cho et al. such
that four threads were twisted in parallel and plied with a second TCA. This format was chosen
since it provides substantial performance with a maximum output strain of 17.07% with a 9.8 N
load [71]. The fabrication process used 4-ply silver-plated nylon 6,6 threads1 as the base material,
and a custom apparatus was constructed to fabricate and train the TCAs. A detailed overview of
the fabrication process can be found in Appendix B.
In order to accurately sense the temperature of the TCAs during training and regular control,
micro thermistors2 similar to those used by Cho et al. [61], were embedded into each end of the
TCA using thermal grease. These thermistors were used since they feature a fast thermal response
of less than 500 ms and are encapsulated in a small 0.36 mm diameter form factor. The TCAs
were also fitted with custom strain reliefs at both ends in order to serve as an anchor point, and
to securely house the micro thermistors. The results of the fabrication procedure, shown in Fig.
3.1, exhibits a TCA with a final resting length of approximately 120 mm.

1
2

ShieldexT M , www.shieldextrading.net, Part #: 260151023534.
HoneywellTM 111-103EAJ-H01
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Figure 3.1: Close-up image of TCA mounting bracket and sensor location.

3.4

Methods

Before providing details on the design and development of the controller and experimental procedures, the thermal and sti↵ness models will be discussed here, followed by an overview of how these
models are implemented into the control block algorithm. Subsequent sections will then outline
the hardware configuration of the testing apparatus followed by a review of the software interface
required for repeatable experimentation.

3.4.1

Thermal Model

The TCAs were investigated for their thermal characteristics so that they could be more predictable
in the control loop and allow the system to maintain constant sti↵ness at any time by matching the
speed of heating to the speed of cooling and modulating the commanded power accordingly. To do
this, each TCA was modeled as a separate thermal mass with an associated thermal capacitance
and thermal resistance. Figure 3.2 represents a simplified lumped parameters model representing
the thermal model of the TCA, where the characteristic heat transfer equation is represented
by Eq. 3.1. In this model, Pin is the input power, Ctca is the thermal capacitance of the TCA
body, Tout is the temperature reading at the surface of the TCA, Rconv and Rnat are the thermal
resistances due to forced convection and natural convection, respectively, and Tamb is the ambient
temperature. It should be noted that since this study uses no forced convection, Rconv is equal to
zero and Rnat as the only source of thermal resistance, so for simplicity we will use Rtca to refer
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Figure 3.2: Simplified thermal schematic of the TCA.
to this value.
(T

Ṫ Ctca =

Tamb )

(3.1)

Rnat

In order to predict the input power that matches the heating rate of one TCA to the cooling
rate of the other, the solution to the characteristic equations is found, resulting in the transient
heat equation, shown in Eq. 3.2. This equation now describes the temperature of the thermal
body (T ) as a function of Pin , its initial temperature (Ti ), Tamb , its thermal time constant (⌧ ),
its total thermal resistance (Rt ), and the time interval between the initial and final temperatures
( t)[77]. In our case, when one TCA is being heated while the other is being cooled (i.e., no
power input), then this transient equation can be rearranged, as in Eq. 3.3, to solve for Pin of the
heated TCA as a function of the sampling time and two succeeding temperature measurements of
the opposing TCA.

T = (Ti

Pin =

Tamb )e(

(T

t
⌧

Tamb )

)

+ Pin Rtca e(

Tamb )e(

(Ti

Rtca e(

t
⌧

t
⌧

)

)

+ Tamb

t
⌧

(3.2)

)

(3.3)

Since the values of Ctca and Rtca are unknown, preliminary trials were required to solve for
these variables using two fundamental thermal equations. Equation 3.4 represents the steady state
behavior of a thermal mass, where Tss is the steady state temperature reached when a constant
input power, P , is applied, and Eq. 3.5 represents the thermal time constant, which is the time
required for the TCA to reach 63.2% of Tss . By heating the TCA using a known constant input
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Figure 3.3: Parallel spring model. Two opposing TCAs are modeled as springs with variable
sti↵nesses, k1 and k2 , where the total sti↵ness measured at the junction point, Keq , is the sum.
The sti↵ness can be computed by measuring the displacement ( x) under a given applied force
(Fload ).
power and recording the temperature in the time domain, both equations were used to solve for
Rtca and Ctca .
Tss

Tamb = P Rtca

⌧ = Ctca Rtca

3.4.2

(3.4)

(3.5)

Sti↵ness Model

Similar to the antagonistic model of human muscles [47], the total sti↵ness is modeled after the
parallel spring model in Fig. 3.3, where the total sti↵ness, Keq , is the sum of the individual
TCA sti↵nesses, k1 and k2 . The assumption made in this study is that the total joint sti↵ness
is correlated to the combined temperatures of the two antagonistic TCAs. By this assumption, a
set of trials can be conducted to empirically determine the relationship between the joint sti↵ness
and the TCA temperatures, which can then be used in the control system to regulate the joint
sti↵ness by adjusting the combined TCA temperatures. Using Eq. 3.6, Keq can be calculated
using the strain

x, and applied load, Fload , which can then be used to relate the sum of the TCA

temperatures (Teq ) to Keq .

Keq = k1 + k2 =

Fload
x

(3.6)
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Figure 3.4: Antagonistic TCA control block diagram for sti↵ness and position control. Dref , D,
Kref , and K are the desired and measured position and sti↵ness, respectively. P1 and P2 are the
power inputs to each TCA. T1 and T2 are the measured TCA temperatures. Ctca and Rtca are the
thermal capacitance and thermal resistance of the TCAs. T and Tamb represent the current and
ambient temperatures.

3.4.3

Control System

The complete control block diagram illustrated in Fig. 3.4 was designed to control the joint
position and sti↵ness between the two antagonistic TCAs, labeled “Muscle 1” and “Muscle 2,”
and represented as variable temperatures, T1 and T2 , as functions of their thermal capacitance,
Ctca1 and Ctca2 , their thermal resistance, Rtca1 and Rtca2 , and their input power, P1 and P2 ,
respectively. The position loop uses a bang-bang algorithm with a tolerance of 0.20 mm, and
controls two normally closed gates to the system, where the real time position is measured by an
absolute position sensor at the junction of the opposing actuators. The sti↵ness loop uses a more
complex set of controls to calculate the correct power output of each TCA. It consists of a PID
controller, a sti↵ness model, and a thermal model to regulate the set sti↵ness and temperature
rate of change, respectively. It should be noted that the position controller used a bang-bang
algorithm since it was necessary to allow the sti↵ness controller to take full control over the power
modulation.
Figure 3.5 shows a plot of the electrical resistance of two separate TCAs (labeled “TCA 1”
and “TCA 2”) with constant loading conditions, which shows fluctuations of approximately 0.1
⌦ and 0.2 ⌦ in TCA1 and TCA2, respectively. These fluctuations equate to approximately 3%

3.4 Methods

32

Figure 3.5: Electrical resistance vs. temperature with constant load.
and 6% of the initial readings, respectively, and are most likely caused by both temperature and
strain. Based on these findings, an internal PID control loop was implemented to regulate the
heating power, since these fluctuations would have caused an otherwise regulated voltage source to
induce unstable currents through each actuator, therefore providing inconsistent heating powers.
The power regulation was implemented by using the readings from digital current sensors, and the
known excitation voltage commanded to the buck converter, to compute the error between the real
and desired power draw, and subsequently entering that into a PID block. Furthermore, based
on the measured resistance, the maximum heating power was limited to 15 W, or approximately
2.23 A, assuming a minimum resistance of 3 ⌦, in order to adhere to the 3 A electrical current
limitations set by the power supply components.

3.4.4

Testing Apparatus

The experimental apparatus consists of a TCA holding tank, position and temperature sensors, a
microprocessor and personal computer (PC), and various custom printed circuit boards (PCBs).
Figure 3.6 shows the general operation of the antagonistic setup, where the load can be seen
connected to the junction between the two TCAs. Figure 3.7a shows the completed experimental
setup, which includes an electromagnetic field position sensor (Aurora NDI), an Arduino Mega
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Figure 3.6: Cross section of apparatus model in SolidWorks.

(a)

(b)

Figure 3.7: Experimental apparatus and close up of TCA junction.
2560, a custom PCB interface, a custom PCB power board, a 150 W power supply3 . Figure 3.7b
shows a close up view of the junction between the two TCAs, where the Aurora probe can be seen
fastened to the top of a short screw in order to ensure it stays within the Aurora sensing region.
The Aurora was used to measure the absolute position at the junction of the opposing TCAs
and provides positional accuracy of 0.48 mm at a 40 Hz sampling rate. Since the Aurora uses
electromagnetic fields to detect position, the TCAs could not be driven by a pulse width modula3

The additional components labeled, “force sensor” and “liquid cooling system,” were not used in this study.
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(a)

(b)

Figure 3.8: Images of the hardware used for power regulation.
tion (PWM) signal as used previously in the literature [66, 78, 79], since this would create large
electromagnetic disturbances when heating the TCAs. Therefore, two LM2596 buck converters
were used for each TCA, and controlled by forcing a low pass filtered PWM signal to the feedback
pin, as shown in Fig. 3.8a. It should be noted that this system was tested to verify that there was
no significant noise when using the buck converters to heat the TCAs. The power board, shown
in Fig. 3.8b, was designed to safely keep high power circuitry away from the interface board by
housing two INA219 DC current sensors4 used to power the TCAs, two N-channel MOSFET power
transistors, and LED power indicators. The only limitation of the equipment used in this setup is
the maximum current output of 3A per TCA set by the constraints of buck converters and power
sensors.

3.4.5

Software Interface

A custom graphical user interface (GUI) was designed to provide robust and repeatable control
over the experimental apparatus. Figure 3.9 shows the completed GUI, which was developed
using QT Creator 5.0 and features three real-time plotting graphs, a control panel, a recording
4

Purchased from www.adafruit.com, PN: 904.
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Figure 3.9: Graphical user interface for controlling the TCAs. It was developed using QT Creator.
panel, an error log, and real-time numerical data displays. Each individual graph can be set to
display up to three signals simultaneously by selecting the signal from the drop-down menu in the
graph settings. The control panel allows manual control of TCA movement and temperatures, as
well as for easy selection of set point type, set sti↵ness, maximum power output, controller type,
tolerance, and PID tuning. The error log was used to append error flags in real time to avoid flaws
in experimental trials. It also allows for the data to be easily recorded directly to a text file with
a unique trial name. An experimental evaluation was conducted following the completion of the
GUI.

3.5
3.5.1

Preliminary Characterization
Thermal Characterization

In order to allow the controller to calculate the power required for a specific temperature rate of
change, the values of Rtca and Ctca needed to be experimentally measured. To do this, a constant
power step input of 4.5 W was applied to the TCA, as this was a power level that caused the TCA
to heat up to a safe temperature below 100 C. As the TCA heated, the temperature readings from
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Figure 3.10: Temperature vs. time plots for evaluating thermal characteristics.
Table 3.1: Thermal characteristics.
Constants
⌧ (s)
Ctca (J/ C)
Rtca ( C/W )

TCA1
26.3
1.60
16.40

TCA2
27.9
1.70
16.57

the micro thermistors were averaged and recorded at a 100 Hz sampling rate, until until a steady
state temperature (Tss ) was achieved. Figure 3.10 shows the time dependent profile of the step
input. The final value of Tss was used to solve for Rtca using Eq. 3.4, and then the time constant
was measured from the transient phase of the temperature profile and inserted into Eq. 3.5 with
Rtca to solve for Ctca . The resulting thermal characteristics of each TCA are shown in Table 3.1.

Ctca Ṫ = P

3.5.2

T

Tamb
Rtca

(3.7)

Sti↵ness Characterization

To determine the relationship between Keq and Teq , the junction sti↵ness was measured for various
combinations of T1 and T2 at multiple values of Teq . The value of Teq was varied from 80 C to
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Figure 3.11: Sti↵ness characterization trials.

Figure 3.12: Temperature sum and sti↵ness relationship.

160 C in 20 C increments, and for each Teq , the temperature di↵erence between T1 and T2 was
varied between 30 C and 100 C in increments of 10 C. Hooke’s Law was used to determine
the sti↵ness during each trial, by recording the displacement produced by a known load (Fload ).
To do this, the position of the junction was zeroed once the TCAs reached their commanded
temperatures, and then a 0.6 N load was applied and the resulting displacement,

x, measured

and recorded.
Figure 3.11 shows the results of the sti↵ness characterization trials, where the x axis represents
the change in strain from Fload =0 to 0.6 N. Each set of points represents a specific Teq from 80–
160 C, where each data point within those sets represents a unique pair of TCA temperatures
(labeled respectively as, T1 and T2 in C). The horizontal trend lines represent the mean value of
the respective sti↵ness levels and were added to illustrate the linearity of the sti↵ness with respect
to

T . The mean Keq for each Teq from 80–160 C respectively are 110.5, 134.1, 157.7, 179.1, and

196.8 N/m. The maximum percentage errors for each respective Teq are 1.28%, 2.29%, 4.44%,
4.33%, and 3.34%. Figure 3.12 shows the results from the sti↵ness trials to relate Teq to Keq . A
trend line was added to approximate the relationship to a linear equation with R2 =0.9779. This
equation was used to calculate Keq in the sti↵ness model block of the control loop.

3.6 Procedure
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Procedure

The new sti↵ness control model was tested by measuring the position and sti↵ness during a 5 mm
step response. The response was collected for sti↵nesses of 150–180 N/m in 10 N/m increments.
The PID gains were then tuned using an iterative approach until stable operation was achieved
during the step response. The resulting PID gains were KP = 1.00, KI = 0.06, and KD = 2.00,
respectively. A final trial was conducted with a random position set point using a potentiometer
to vary the set point to ±10 mm. The performance of the controller was evaluated by measuring
the maximum absolute error of the position and sti↵ness.

3.7

Results

Figure 3.13 shows the results of the step responses using the new control model. The plots overlay
the position feedback (top) and sti↵ness feedback (bottom) to all four trials with a 5 mm step
input. The maximum overshoot percentage for each respective trial from 150–180 N/m was:
14.72%, 10.78%, 11.36%, and 16.88%. While the respective maximum position errors were: 4%,
5.12%, 3.1%, and 7.3%. The respective maximum sti↵ness errors were: 1.02%, 1.06%, 1.05%, and
1.00%.
Figure 3.14 shows the results of the final random input trials where the random input was the
position of a potentiometer scaled within a range of ±10 mm. The sti↵ness was set randomly in
real time to 150 N/m, 160 N/m, 190 N/m, and back to 150 N/m. The desired and real positions
were determined to have a correlation of R2 =0.9638 and a maximum error of 1.98 mm. The
sti↵nesses had a correlation of R2 =0.9198 and a maximum error of 3.93 N/m due to overshoot.
The maximum errors were equivalent to those in the step response trials.

3.8

Discussion

The sti↵ness characterization trials were successful in finding a relationship between the temperature of the TCAs and Keq , which allowed the controller to accurately calculate the sti↵ness from
the measured TCA temperatures. It was noticed that the lower temperatures had a smaller po-
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Figure 3.14: Sti↵ness and position control.

sition range since the TCAs could not be cooled to below room temperature. For instance, for
a total temperature of 80 C, a TCA could be at 70 C, but the other would have to be at 10 C,
which would require additional cooling. Despite that, Figures 3.11 and 3.12 revealed that Keq
increases linearly with Teq and that the total achievable strain happens linearly with

T . This

result is interesting since other studies on the sti↵ness profile of a single TCA have shown a negative correlation with temperature [45]. However, the positive correlation discovered may have
occurred due to the loading conditions between the TCAs such that the TCA with greater heat
would always enter into the coil contact region with a steep increase in modulus.
The implementation of the thermal model into the control loop allowed the temperatures of
the individual TCAs to change at a synchronous rate allowing the PID controller to maintain a
constant sti↵ness with 98.95% accuracy. Without the thermal model the rate of change of the
temperatures would not have been accurately predicted, which would cause over or under heating
when moving between position set points. The overlying position controller used a bang-bang
algorithm, which was necessary to allow the sti↵ness controller to take full control over the power
modulation. However, this caused the position to have an under-damped response leading to
constant small oscillations about its set point. The position rise time was also a↵ected by the
sti↵ness as seen in Fig. 3.13, showing a faster response time with increasing sti↵ness. This was
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expected since the thermal capacitance of the TCAs has a non-linear time response. Without
active cooling, the speed of the system relied on the cooling rate of the TCAs, which is why active
cooling will be an important part of future devices if they are to be successful in delivering adequate
responsiveness.
In terms of the feasibility of TCAs in wearable devices, in order to provide useful work during
voluntary motion or rehabilitative exercises, TCAs need to be to achieve cycle times of 1 second
(1 Hz) for slow voluntary motion [57]. Since active cooling was not included in the scope of this
chapter, the heating phase power requirements can be assessed for a 1 seconds cycle time. Since,
the heating phase of the TCAs can be directly controlled through joule heating, the input power
required to achieve a 1 s cycle time can be computed by inputting the thermal characteristics, ⌧ ,
Ctca , and Rtca , found in the previous chapter, into Eq. 3.3 with a

t of 0.5 s (since the heating

phase is half of the cycle), and a thermal rise of 100 C (Ti = 25 C and T = 125 C). According to
the thermal characteristics of the TCA used previously, a 1 Hz bandwidth could be achieved with
less than a 10 W power source, which is very manageable given current USB-C Power Delivery
battery packs are designed to supply 100 W. Furthermore, this amount of power would not need to
be sustained once the TCA reaches its desired temperature due to the inherent thermal insulation
properties provided by the thermal capacitance and resistance.
Another conclusion from this study is that although direct voltage regulation has been e↵ective
for TCA systems, as demonstrated in [71], power regulation is strongly suggested for future research
in this area. This is because the electrical resistance was shown here to fluctuate by approximately
3–6% under constant loading conditions, indicating that it is temperature and strain dependent.

3.8.1

Limitations

A major limitation in this study was the lack of an accurate sti↵ness measurement system. The
methods used here involved applying two known loads (0 N and 0.6 N) to obtain a displacement
and solve for sti↵ness using Hooke’s Law. This is not a very robust method and involves human
error and modeling error. Future researchers should use a minimum of three known loads to collect
three data points per trial, however this method may not be viable at all since the physical make up
of TCAs contains many complex properties such as creep and damping. A more precise method
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for measuring the sti↵ness requires the use of a dynamic mechanical analysis (DMA) machine,
which applies a precise and accurate sinusoidal stress to the sample, allowing one to determine the
complex modulus of the material, as well as other mechanical properties such as viscoelasticity.
Another limitation was that the thermistors used to measure the temperature could only measure a single points on the TCAs where they were mounted, therefore temperatures gradients
across the length and radius of the TCA are unknown. It is likely that the temperature gradient is
not significant since the electrical current passing through the TCA is equal at all points, however
it is suggested that future studies measure the TCA at multiple points across the TCA to ensure
that this is true.

3.9

Conclusions

In this study, an antagonistic model of the TCA was characterized. The sti↵ness and thermal
characteristics were used to develop a control system that could regulate the sti↵ness with 98.95%
accuracy while simultaneously controlling the position with 92.7% accuracy. This study also
showed that the heating and cooling curves of the TCA pair could be matched using a simplified
thermal capacitance model, however, to improve the response time while maintaining sti↵ness
control, it is essential to find a realistic active cooling method.
An important future goal is to improve the thermal convection characteristics by determining
the e↵ects of liquid and pressurized air cooling at varying temperatures and pressures. The performance of these cooling methods will be characterized based on the e↵ect of overall efficiency and
responsiveness that they have on the system. Tests will also need to be done to investigate parallel
TCAs for scalability into mechatronic rehabilitation devices. The information from active cooling and scalability trials will determine the suitability for this actuator to be used in exoskeleton
rehabilitation devices.

Chapter 4

Cooling Methods
This chapter is adapted from ‘Computational Fluid Dynamics Study of a Soft Actuator For Use
in Wearable Mechatronic Devices’, published in the Proceedings of the 7th IEEE International
Conference on Biomedical Robotics and Biomechatronics (BioRob), Enschede, Netherlands, August 26–29, 2018 [80], and from ’Design of an Active Cooling System for Thermally Activated Soft
Actuators’, published in the Proceedings of the IEEE International Conference on Rehabilitation
Robotics (ICORR), Toronto, Canada, June 24–28, 2019 [81].

4.1

Introduction

The previous chapter demonstrated that TCAs have the potential to support biomimetic control
through the simultaneous regulation of sti↵ness and position of an antagonistic configuration, and
that they can provide the necessary heating rates using standard power supplies. However, due
to their unique thermal characteristics, TCAs cool slowly under natural convection, and so they
cannot achieve the operating speeds necessary for normal human interaction without the use of
an active cooling system. Specifically, in order to provide useful work during voluntary motion or
rehabilitative exercise they need to achieve minimum cycle times of at least 20 seconds (0.05 Hz)
for very slow exercises, or 1 second (1 Hz) for slow voluntary motion [56, 57].
Kianzad et al. tested the e↵ects of various operating environments, including still air, compressed air, a tank of water, and hydrogel coating, which resulted in cycle times of a 10% stroke
42
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being 2.27, 1.85, 1.34, and .41 seconds, respectively1 [49]. The fastest cycle time was found when
operated in hydrogel, however since it only retains 50 mg of water, it dried after a few cycles
and became ine↵ective. Consequently, this left water as the most e↵ective cooling environment,
however due to the large thermal capacitance and low thermal resistance of water, this led to
drastically diminished efficiency during heating, requiring more than twice the power to provide
the same 10% linear stroke as with still air. Hydrogel however showed similar power consumption
to the still air with similar cooling performance as water insisting that the volume of the operating
environment can be reduced to decrease the total thermal mass and improve efficiency without
a↵ecting performance. Yip et al. also explored constant forced cooling for still air, forced air
(using a CPU fan), and water, and highlighted the e↵ect of these environments on both heating
and cooling times [82]. The results indicated that water actually acted as an insulator due to
the lack of convection, resulting in a faster heating and slower cooling than convective air. It
is logical to assume that when any cooling medium is kept still, as with water, the environment
acts as insulation, thus improving the efficiency during heating, and when convection currents are
present, as with convective air, the thermal conductance is rapidly increased resulting in improved
cooling performance.
The analysis of these experiments show that the inherent problems with passive cooling mean
that TCAs will either have low efficiency or slow cooling rates, thereby providing a sound argument
toward the implementation of an active cooling system that controls the flow of a fluid, either gas
or liquid. Takagi et al. demonstrated the e↵ectiveness of this notion by implementing a simple
switching law to activate a CPU fan only when cooling a TCA, which improved the cooling rate
by a factor of three without a↵ecting the efficiency during heating [83]. The results from Kianzad
on the performance of the hydrogel vs. the tank of water imply that the system efficiency could
be further improved by situating the TCA in a small tube enclosure, thereby reducing the total
thermal mass. A tube enclosure would also introduce a factor of safety by providing an insulating
barrier between the heat of the TCA and the external world, which is a critical concern when
designing wearable devices. Based on these conceptions, the focus of this study is on the feasibility

1
It should be noted that these outcomes depends on the fabrication methods used to make the TCAs as well as
the experimental conditions.

4.1 Introduction

44

of a tube enclosure to actively cool a TCA, however in order to continue, the choice of coolant,
such as water or air, requires further considerations at the initial stages of the design process.
In the case of a liquid the following concerns might arise: biocompatibility and safety concerns
are apparent when considering the possibility of a leak; hardware complexity is likely to become
an issue when designing a mechanism to couple the TCA the external load without causing a leak;
and the fluid must be circulated in a completely closed system controlled by fluidic pumps. With
air cooling, problems arise when high pressure requirements lead to the addition of pressurized
reservoirs or a noisy air compressor, which both can add significant weight and volume to the
system while also compromising safety. Despite these setbacks, both cooling mediums provide
a unique set of advantages over the other: for instance, liquid cooling is historically the much
more silent option (consider liquid cooling on a desktop computer vs. conventional fans), while air
cooling is much more lightweight, making it easier to control at high bandwidths due to its low
mass.
Additionally, based on recent reviews regarding on-board pneumatic pressure generation methods, compressed air cooling may be more feasible than previously though. Adami and Seibel presented the e↵ectiveness of several methods for generating air pressure for soft robotic applications
including battery-powered micro-compressors, liquid carbon dioxide (CO2 ), and various types of
chemical reactions [84]. The safest methods seemed to be micro-compressors and liquid CO2 ,
which provided pressures up to 0.55 MPa (80 psi) and 5.6 MPa (812 psi), and net flow capacities
up to 1.42 m3 /kg and 0.509 m3 /kg, respectively. Interestingly, although micro-compressors provided the lowest gauge pressure and net flow rates, they are notably a good choice for wearable
designs because they do not require special chemicals or complex processes, they do not produce
by-products or exothermic reactions, and they can provide constant and predictable flow rates
and pressures. On the other hand, liquid carbon dioxide also showed promise due to its ability to
provide much greater pressure and flow rate in a more compact form factor, however special care
would need to be taken to implement it safely.
Based on these factors, both methods of cooling were explored in this chapter, with the first
section considering liquid cooling, followed by a subsequent section considering pressurized air
cooling.

4.2 Liquid Cooling

4.2

45

Liquid Cooling

Since liquid has been chosen as the cooling medium for this study, the system now must be fully
closed to avoid leaking, however a closed system grants the freedom to choose the type of liquid.
Song et al. applied this cooling method using silicon oil due to its high thermal resistance and
biocompatibility [85]. Water is also an excellent contender due to its high thermal resistance,
availability, and bioinert properties, however if it is not distilled and de-ionized, it will corrode the
silver plating of the TCA. Despite there being an excessive amount of information available on
liquid coolants, for the sake of simplicity, water was chosen for this study since it is cost e↵ective
and readily available in a distilled and de-ionized state.
Another important consideration liquid cooling is the type of pump, since it must be strong
enough to move the high density liquid but also small and lightweight enough to be worn by a
person. However, in order to choose the correct motor, the flow rate and pressure requirements
for the system must be known, which are dependent on the diameter of the tube and the desired
cooling rate of the TCA. Furthermore, due to the complex structure of TCAs and fluid mechanics,
it is difficult to predict these factors based on pure analytical analysis. A preferred method would
be to use numerical simulations, which enables rapid and precise evaluation of various tube sizes,
flow rates, and pressures on the thermal performance of the TCA.

4.2.1

Objectives

Therefore, the main objective of this section is to use numerical methods to choose a viable o↵the-shelf fluidic pump and tube diameter for an actively cooled TCA. The specifications of the
study consist of a 1 second cycle time to suit voluntary motion requirements, and minimization of
the liquid volume to ensure optimal thermal efficiency and low mass.
The following section will provide an outline of the geometry specifications of the TCA and
tube enclosure. This will be followed by the methods used to create the CFD analysis, which is
comprised of multiple stages including the geometric modeling, mesh generation, simulation setup,
steady state analysis, pump selection, and transient analysis.
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Design Considerations

Figure 4.1 shows the fully fabricated TCA used in this study, which was based o↵ the 2-ply TCA
structure from Chapter 3, where the length is 110 mm and the width of each ply 1.8 mm, making
the combined width 3.6 mm. Based on this geometry width, the inner tube diameter must be
larger than 3.6 mm in order to permit fluid to flow unobstructed around the entire surface of the
TCA.
Since a tube enclosure would require that the TCA be submerged in water, any energy used
to heat the TCA will also be absorbed by the water until an equilibrium temperature is achieved.
Therefore, the efficiency of the system during the heating phase is dependent on the amount of
energy required to heat the surrounding volume of water. Equation 4.1 represents the energy (Q)
required to heat a fluid with a known volume (V ), mass density (⇢), and specific heat capacitance
(cp ), to a known temperature di↵erence ( T ). Since ⇢ and cp are constant properties, in order to
minimize the required energy of the system, the total volume must also be minimized.

Q = V ⇢cp T.

(4.1)

In order to model the volume of water inside the tube, the 2-ply TCA was approximated as a
double helix, each with a perfectly circular cross-sectional area. Equation 4.2 defines the hydraulic
area inside the tube, which is calculated as the di↵erence between the cross-sectional area of the
tube wall (A), and of the TCA (Atca ), where D is the diameter of the tube, and dtca is the diameter

Figure 4.1: Close-up image of a single TCA. The measured diameter of each strand of the double
helix is 1.8 mm, making the maximum width of the actuator approximately 3.6 mm. The total
length of TCA material is 110 mm.
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of each TCA ply. Equation 4.3 represents the volume of water, Vf , in the tube with the TCA, as
a function of the hydraulic area, Ah , and length, L. Since Vf is a function of Ah and L, either
of these parameters can be reduced to improve efficiency, however since Ah is proportional to D2 ,
then a reduction in D is more e↵ective. Furthermore, a reduction in L would require that the TCA
become shorter as well, which would decrease the achievable output strain. Another subtle, but
important point for wearable applications is that the fluid mass (Mf ) is an important property that
should be reduced as much as possible, and it is also proportional to the fluid volume (Eq. 4.4),
and therefore D. This highlights the importance of minimizing the hydraulic diameter to increase
efficiency. Therefore, the fluid volume was varied by altering the tube diameter and holding length
(L) constant at 110 mm.

Ah = A

Atca

✓
⇡
=
D2
4

2·

d2tca

◆

(4.2)

Vf = Ah L

(4.3)

Mf = ⇢Ah L

(4.4)

Based on the above analysis, it might be tempting to use a 3.6 mm inner tube diameter in
order to minimize the fluid volume, however since water, like every other fluid, has viscosity, it
will require larger forces as the hydraulic area decreases. In order to provide these forces, the
pump size and power requirements will also increase, which would add to the overall weight of the
system and reduce efficiency. Therefore, this study was simplified by testing three standard tube
diameters: 4 mm, 4.5 mm, and 5 mm.

4.2.3

Geometric Modeling

SolidWorks was used to create the system geometry as shown in Fig. 4.2. Since the two inlets
and single outlet were placed symmetrically about the midpoint for even cooling, the geometry
for numerical analysis was simplified to a straight tube with a single axial inlet and outlet with
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Figure 4.2: Detailed geometry of the TCA inside of its liquid cooling enclosure. Two inlets were
created to provide symmetrical cooling from both ends.
the total length set to half of the proposed model. Consequently, a larger number of fine elements
were able to be created leading to higher quality meshes.

4.2.4

Mesh Generation

Ansys Fluent 18.0 was used for both mesh generation and analysis. The mesh generated for each
geometry had to be simplified due to software limitations and to avoid geometric singularities at
the point of contact between the coils. Figure 4.3 shows the cross-section of the original (left) and
simplified (right) meshes. The mesh parameters such as maximum face size, minimum face size, and
inflation growth rate were chosen to maximize the resolution and quality of the mesh based on the
memory resources of the PC—which contained 16 GB of available random access memory (RAM).
The fluctuations of the mesh quality did not deviate significantly between diameter variations as
seen in Table 4.1. Grid independence was tested for each mesh.

4.2.5

Grid Independence Testing

For each geometry, grid independence testing was performed to verify that the created mesh
provided reliable results. This procedure consisted of creating three meshes for each geometry by
varying element size, resulting in a coarse, medium, and fine mesh for each. Steady state analysis
was then performed in Fluent using a second order coupling scheme, where the inlet pressure of
the fluid domain (Pin ) was recorded for a constant inlet mass flow rate of 0.01 kg/s. Convergence
was evaluated using the inlet static pressure residual of 10

5.

Table 4.2 shows grid independence
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Figure 4.3: Cross section of the detailed and simplified TCA geometry for the CFD simulation.
Solidworks was used to create the geometry and Ansys Fluent Meshing software was used for meshing. A cross section of the detailed TCA geometry is shown on the left, and the simplified geometry
on the right. The simplified geometry was necessary to remove geometric singularities at the point
of contact between the coils, and to provide less computationally expensive approximations.
with a maximum deviation from the fine mesh of less than 2%. This means that all meshes were
sufficient for each geometry, however, the fine mesh was chosen for redundant accuracy.

4.2.6

Simulation Setup

While the TCA has been shown to operate in the range -40–240 C [75], the range for this study was
chosen to be 300–400 K (26.85–126.85 C), since TCAs are commonly operated within this range.
The inlet boundary condition was set to constant mass flow rate that matched the operational
conditions of each pump for each tube diameter. The outlet boundary condition was set to an
outlet vent, and all other boundaries were set to insulating walls. The initial TCA and fluid domain
temperatures were set to 126.85 C to replicate the end of the heating phase, and the temperature
of fluid flowing into the system was set to 26.85 C. Figure 4.4 shows the 3 dimensional mesh
and how the fluid will enter the inlet side of the tube. A time step of 500 µs provided sufficient
resolution for the transient trials so that all important details of the curves could be recorded
properly. Furthermore, FLUENT required the thermal capacitance and thermal resistance of the
TCA, so the values of TCA 1 from Chapter 3 were used.
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Table 4.1: Mesh metrics.
Diameter (mm)
Elements
Length (mm)
Vf (mm3 )
Min. FSa (mm)
Max FS (mm)
ILb (GRc )
Min. OQd
Ave. OQ
Min. EQe
Ave. EQ
Max. Skewness
Ave. Skewness
Max. ARf
Ave. AR
a Face

5.0
1,435,626

4.5
1,221,407
55
589.87
1.0e-8

795.03

4.0
1,355,265
406.30

2.0e-4
5 (1.2)
0.2295
0.8602
0.0927
0.5719
0.8318
0.2624
19.78
4.16

0.2484
0.8622
0.0908
0.6086
0.7997
0.2561
18.77
3.78

b Inflation Layers
Size
Ratio

1.7e-4

c Growth

Rate

0.1238
0.85365
0.0175
0.5388
0.8314
0.2588
105.15
5.79

d Orthogonal

Quality

e Element

Quality

4 mm
M
1.8
29.00
0.65

F
1.7
N/A
N/A

f Aspect

Table 4.2: Grid independence trials

Precision
FS (10 4 )
Pin (Pa)
Error %

C
2.3
5.97
0.95

5 mm
M
2.1
1.76
0.28

F
2.0
N/A
N/A

C
2.3
15.20
1.02

4.5 mm
M
2.1
6.90
0.46

F
2.0
N/A
N/A

C
2.0
79.10
1.77

FS = Face Size (mm), C = Coarse, M = Medium, F = Fine

4.2.7

Pump Selection

The major contributing factor to the cooling rate with respect to the fluid dynamic properties is
the fluid velocity, which is a↵ected by Ah and the power of the fluidic pump. Since hydraulic pumps
provide a flow rate defined by their pressure–flow rate (P–V̇ ) curves, the fluid velocity is determined
by the hydraulic area and inlet pressure created by the generated turbulence. Therefore, for any
given hydraulic area, there is a maximum cooling rate achievable for any individual pump.
The pump selection process was influenced by the power output, geometry, and weight of
available o↵-the-shelf systems. An online search for “miniature, high performance pumps” was
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Figure 4.4: Rendered image of the final mesh for the TCA geometry. The arrows indicate direction
of fluid injection at the inlet boundary.
executed resulting in a product line from TCS MicroPumps2 . The online catalog showcased power
dense miniature pumps that were low cost, lightweight, and low volume, as seen at the top of Table
4.3.
Table 4.3: Micro fluidic pump characteristics.
Pump ID
Dimensions (mm)
Weight (g)
Input Power (W)
Price (USD)

4.2.8

M200
29⇥16⇥16
10
2
67.89

M400
25⇥26⇥40
34
7.1
122.06

M510
64⇥32⇥31
102
22.8
222.87

Trial Procedure

The trial process consisted of a steady state analysis and a transient analysis. It is important to
note that the hydraulic diameter for inlet turbulence models was adjusted for each geometry. The
details of these trials are described in the following section.
4.2.8.1

Steady State Trials

Steady state trials were conducted to determine the operating flow rates for each trial. Since each
pump has a unique pressure–flow rate (P–V̇ ) curve, there is a specific operational flow rate when
2

www.micropumps.co.uk/TCSproducts.html#LiquidStandard
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run at full power for each tube diameter. Steady state analysis provided a brute force, but reliable
method of finding these conditions. The resulting volumetric flow rates (V̇ ) shown in Table 4.4
were then used in the transient trials.
Table 4.4: Operating conditions found from steady state trials.
Pump ID
M200

M400

M510

4.2.8.2

D (mm)
5.0
4.5
4.0
5.0
4.5
4.0
5.0
4.5
4.0

V̇ (mL/min)
6,600
5,400
3,660
2,600
2,400
2,000
780
720
690

P (Pa)
13,668
23,244
34,046
2,382
5,124
11,197
341
609
1,591

Transient Trials

The transient flow trials were conducted to determine the cooling rate of the TCA. Since this
system exhibits properties of a first order linear time invariant (LTI) system, the temperature can
be considered to reach steady state at 5⌧ [77]. Therefore, for a 500 ms steady state response (2 Hz),
the TCA must cool from 126.85 C to 63.85 C in 100 ms or less. The flow time for all transient
flow trials was set to 200 ms in order to determine ⌧ . Additionally, the temperature for each time
slot was taken from the maximum temperature value in the TCA body due to slight asymmetrical
cooling gradients observed during testing.

4.2.9

Results

Figure 4.5 shows the operating mass flow rates for each pump at all three tube diameters (D),
found using steady state analysis. The actual values for flow rate and pressure are displayed again
in Table 4.4 and were used as inputs for the transient trials, while the results of the transient trials
are presented as the time constant, ⌧ , and frequency bandwidth, f , in Table 4.5.
Figure 4.6 shows the transient trials for all three pumps and all three tube diameters with
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Figure 4.5: Pressure vs. volumetric flow rate curves for M200, M400, and M510. The data points
indicate the operational flow rates for the respective tube diameter.
Table 4.5: Pump Performance Comparison.

Diameter
5.0mm
4.5mm
4.0mm

M200
⌧
f (Hz)
> 200
<1
> 200
<1
> 200
<1

M400
⌧
f (Hz)
111.5
1.79
93.5
2.14
79
2.53

M510
⌧
f (Hz)
55
3.64
49.5
4.04
48.5
4.12

the target temperature and maximum response time overlaying the plots. During these trials a
thermal gradient could be seen along the axial and radial cross sections at the 200 ms timestamp
of each simulation, as illustrated in Figs. 4.7a, 4.7b, and 4.7c. This was observed in every trial
due to the unidirectional flow of the fluid across the TCA, where the water becomes warmer as
it picks up heat throughout the tube. The decision to create an inlet at each end stemmed from
initial observations of this e↵ect, even though there is only a di↵erence of 1.7 C. The contour
depicted here represents half of the actual prototype actuator from Fig. 4.2, so in reality there
is much more symmetry during the cooling phase. In future validation experiments these design
considerations will be utilized to observe the e↵ects of more injection sites placed axially along the
TCA tubing.

4.2.10

Discussion

The results of the transient trials shown in Table 4.5, imply that the M200 pump is not sufficient
with any tube diameter. Conversely, the M510 pump greatly exceeded the required response
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(a) M200

(b) M400

(c) M510

(d) 5.0 mm Tube Diameter

Figure 4.6: TCA temperature curves for each variation in tube diameter. Plots a–c) depict the
performance of each pump and tube diameter on the temperature curve of the TCA from an initial
condition of 126.85 C, and d) is a comparison of all three pumps with a 5.0 mm tube diameter.
time, while the M400 provided bandwidths close to the requirements. Although the M510 model
provided significantly improved cooling rates, the M400 model had the highest power density, as
seen in Table 4.3. Future prototypes using two parallel TCAs could benefit from the larger M510
pump since it can provide twice the required volumetric flow rate, as seen by the much steeper
cooling curve shown in Fig. 4.6d.

4.3
4.3.1

Air Cooling
Objectives

The objective of this next section was focused on the e↵ect of the tube diameter of the enclosure
design and the air pressure on the performance of the TCA. Since air is not electrically conductive
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(a)

55

(b)

(c)

Figure 4.7: Illustration produced by Fluent software during CFD simulation. Cross section of
temperature (K) after 100 ms in a transient analysis trial. The trial depicted here is for the 5 mm
diameter tube using the M400 pump.
this method of cooling did not require a closed system, and therefore could be easily fabricated on
a physical system for more accurate and realistic analysis.

4.3.2

Design of a New TCA Fabrication Method

Although the fabrication process presented in Chapter 3 provided acceptable TCAs, it presented
a few inconsistencies that needed to be addressed. One issue stemmed from the requirement that
the untwisted initial thread length needed to be precisely measured before twisting, which may
not account for slight variations during the mounting and twisting procedures, and could result in
varying final lengths. Another problem was that the electrical connections around the endpoints
varied with the tension in the TCA strand, producing concentrated regions of current during
heating, and causing the TCA to melt and weaken during testing.
Therefore, a new fabrication method was developed using standard power terminal crimps3 ,
as described in Appendix C. This new procedure allowed the TCAs to be made at any length
and separated into discrete and robust sections. Crimping also provides a much more secure joint
with the TCA through a larger surface area for power transmission, as well as reducing the overall
number of fabrication steps. This chapter used a 4-ply base thread and a final TCA length of 100
mm.

3

McMaster-Carr (Part ID: 69525K47). Web: www.mcmaster.com
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Rth

Ttca

T1

Cth
Figure 4.8: Simplified thermal model. Here, Ttca is the surface temperature of the TCA, Cth is the
thermal capacitance of the TCA, Rth is the thermal resistance, and T1 is the ambient temperature.

4.3.3

Thermal Model

It is desirable to create a system with a minimum thermal capacitance (Cth ) so that less energy
is required to raise the temperature during the heating phase, while also modulating the thermal
resistance (Rth ) between the heating and cooling phases to increase the overall system bandwidth.
Figure 4.8 shows the simplified thermal model used to calculate Rth and Cth of system. Using the
steady state temperature (Tss ) and power input (Pin ), Eq. 4.5 can be used to calculate Rth , which
can then be used in Eq. 4.6 with the measured thermal time to calculate the thermal capacitance
(Cth ).

Tss

Ti = Pin Rth

⌧ = Cth Rth

(4.5)

(4.6)

The first hypothesis is that Rth can be modulated based on the input pressure and the tube
diameter. A decrease in tube diameter or an increase in pressure should increase the flow rate
through the tube at constant pressure, which should increase the cooling rate. From Eq. 4.6, Rcool
will decrease with ⌧cool .
The second hypothesis is made during the heating phase when forced cooling is turned o↵ and
the tube enclosure is meant to act as an insulator to conserve energy. The e↵ect of decreasing the
tube diameter and decreasing the inner volume is expected to decrease the amount of energy to
heat the TCA (Cth ), which will also increase the thermal resistance during heating (Rheat ).
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Experimental Design

A 3 ⇥ 3 repeated measures study was conducted to compare the e↵ect of air pressure and tube
diameter, on the thermal characteristics of the TCA system, with three pressure settings and
three tube diameters. For consistency, the heating and cooling rates were measured as the thermal
time constant (⌧cool and ⌧heat ) between the initial temperature (Ti ) and 63.2% of the steady state
temperature (Tss ).
Three variations of the inner tube diameter were used, denoted as D1, D2, and D3, representing
4 mm, 4.5 mm, and 5 mm, respectively. The pressure was also given three variations and denoted
as P1, P2, and P3, representing constant input pressures of 10, 15, and 20 psi, respectively.
Three identical TCA samples were used in this study, with each one subjected to all three
pressures and all three enclosure sizes. Each of the 9 unique conditions was repeated three times
for each TCA, in a randomized order, producing 27 data points per sample. The final data size
was 81, with 9 points for each of the 9 conditions.
The thermal resistance of the heating and cooling phases (Rheat and Rcool ) and the thermal
capacitance (Cth ) were measured and compared in a 3 ⇥ 3 repeated measures test using SPSS
software.

4.3.5

Experimental Setup

Although micro thermistors provided low thermal capacitance, short response time, and negligible
external e↵ect on the TCA temperature, due to their fragility and the chaotic nature of the
experiments presented here (high air flow rate), an infra red sensor was used for non contact
measurements of the TCA. The MLX906144 was chosen for its relatively high accuracy of 0.14 C
over a wide temperature range of -40 to 125 C, in addition to its low response time of 3 ms.
One limitation of these non contact sensors is their viewing angle accuracy, which only provides
sufficient accuracy within ± 30 degrees from the direct line of sight. To overcome this, Figs. 4.9
and 4.10 shows the tube enclosure, which was designed to hold three MLX90614 sensors evenly
around the sensing point.
Figure 4.11 shows the complete test apparatus, which includes, the tube enclosure, a 50 gram
4

From Melexis (Microelectronic Integrated Systems).
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Figure 4.9: Active cooling and temperature sensing design.

Figure 4.10: Positioning of thermal sensors around the TCA enclosure. Three MLX90614 noncontact thermal sensors are situated evenly at 120 around the TCA enclosure.
tensioning weight, a solenoid valve, an Atmega 2560 microcontroller, and a voltage regulated power
supply (set to 20 volts, 2 amps). A custom breakout board was designed for the Atmega 2560 to
communicate with a digital pressure and power sensor.
The tube enclosure shown in Figure 4.12 was printed using a Stratsys Connex3 Objet260 3D
printer using VeroClear RGD810 resin. The enclosure is sti↵ and meant to direct the pressurized
air along the length of the TCA and not to contract and extend at all. Furthermore, one end of
the TCA is free to move to relieve any damaging internal loads produced by the mechanical forces
produced during experimentation. The infrared sensors were placed close to the stationary end,
so the detected heat would not be a↵ected by the open end of the tube enclosure.
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Figure 4.11: Experimental setup. Includes a 30V, 3A power supply, Atmega2560 AVR microcontroller, solenoid air valve, TCA enclosure, and 50 gram weight for tensioning the TCA (not
shown).

Figure 4.12: Close up image of the tube assembly. Not shown are the power leads and the air
pressure supply tube.

4.3.6

Procedure

The performance characteristics of interest are thermal resistance during heating and cooling (Rheat
and Rcool ), and Cth . Hence, from Eqs. 4.5 and 4.6, the temperature data are required from each
test.
Before testing, each TCA was trained by cycling the temperature between 25 C and 100 C
with a 50 gram weight. The same 50 gram weight was used to tension the TCA strands for each
trial as shown in Figure 4.11.
The repeated measures test consisted of 9 unique conditions (three diameters and three pressures), performed three times for each of the three TCA copies. The test condition was conducted
in random order to eliminate the e↵ects of wear between each test.

4.3 Air Cooling

60

Each test required temperature data for both the heating and cooling phases between the
initial temperature (Ti ) and steady state temperature (Tss ). A steady state detection algorithm
was implemented in the microcontroller to automatically switch from the heating to the cooling
phase by turning o↵ the power to the TCA and simultaneously powering the solenoid valve to
allow air to pass through the tube enclosure.
Finally, a MATLAB program was written to compute Rheat , Rcool , and Cth from the 50 Hz
temperature data for use in SPSS software. Figure 4.13 shows all of the nine overlapping data sets
from one condition of the testing.

4.3.7

Results

The data collected were analyzed with respect to the heating phase and cooling phase. The heating
phase pertains to the e↵ects of enclosure diameter on Cth and Rheat , while the cooling phase focuses
on the e↵ects of both enclosure diameter and cooling pressure on Rcool .
4.3.7.1

Heating Phase

Figure 4.14a, we can see an upwards trend with an increase in tube diameter, but only within 1 C.
The pairwise comparison of the enclosure diameter on Rheat gave a statistical significance between
D1 and D3 (p=0.026), no di↵erence between D2 and D3 (p=0.130) and no di↵erence between D1
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Figure 4.13: Raw data from P2D3 trials.
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Table 4.6: Comparison of diameter on thermal resistance during heating.
Mean
Di↵.

Std.
Error

p value

2

-0.253

0.247

1.000

3

-1.168

0.323

0.026

1

0.253

0.247

1.000

3

-0.916

0.372

0.130

1

1.168

0.323

0.026

2

0.916

0.372

0.130

Diameter
1
2
3

Table 4.7: Comparison of diameter on thermal capacitance.
Mean
Di↵.

Std.
Error

p value

2

0.498

0.083

0.002

3

1.100

0.058

8.8093E-7

1

-0.498

0.083

0.002

3

0.602

0.105

0.002

1

-1.100

0.058

8.8093E-7

2

-0.602

0.105

0.002

Diameter
1
2
3

and D2 (p=1.000). Table 4.6 provides a pairwise comparison of the enclosure diameter on Rheat .
From this, there is a statistical significance between D1 and D3 (p=0.026), no di↵erence between
D2 and D3 (p=0.130) and no di↵erence between D1 and D2 (p=1.000).
Figure 4.14b shows that Cth decreases with an increase in diameter within a range of 2.25 to
3.25 J/ C. The pairwise comparison of the enclosure diameter on Cth gave a statistical significance
between D1 and D3 (p<0.001) and D2 and D3 (p=0.002). Table 4.7 shows a comparison on the
enclosure diameter on Cth .
4.3.7.2

Cooling Phase

Table 4.8 shows a comparison of diameter on Rcool , with D3 statistically significant from D1 and
D2 (p<0.001), and no di↵erence between D1 and D2 (p=0.194). Table 4.9 shows the comparison
of pressure on Rcool , with a statistical significance between all three diameters (p<0.001). Figure
4.15 provides a visual representation of the combined e↵ect of pressure and diameter on Rcool .
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Figure 4.14: Comparison of the e↵ects of diameter on Rheat (a) and Cth (b).
Table 4.8: Comparison of diameter on thermal resistance during cooling.
Mean
Di↵.

Std.
Error

p value

2

-0.091

0.042

0.194

3

-0.363

0.029

0.000013

1

0.091

0.042

0.194

3

-0.272

0.032

0.000196

1

0.363

0.029

0.000013

2

0.272

0.032

0.000196

Diameter
1
2
3

4.3.8

Discussion

The results of the heating phase indicate that the thermal resistance is una↵ected between the
two smaller diameters. The largest diameter showed a significant increase in thermal resistance
meaning that the same input power produced a greater steady state temperature, as shown in
Eq. 4.5. This result goes against the initial hypothesis where thermal resistance was expected to
decrease with an increase in diameter. However, it is possible that the larger air gap created from
the larger diameter tube acted as a better thermal insulator.
The thermal capacitance was also a↵ected by the the tube diameter. Since it is a function of
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Table 4.9: Comparison of pressure on thermal resistance during cooling.
Mean
Di↵.

Std.
Error

p value

2

0.462

0.036

0.000012

3

0.692

0.036

8.1829E-7

1

-0.462

0.036

0.000012

3

0.230

0.021

0.000039

1

-0.692

0.036

8.1829E-7

2

-0.230

0.021

0.000039

Pressure
1
2

Rcool ( C/W )

3

P1
P2
P3

1.5

1

0.5
D1

D2

D3

Figure 4.15: Comparison of the e↵ects of pressure on Rcool .
the thermal resistance and the thermal time constant (Eq. 4.6), it is a↵ected by both the final
settling temperature and the rate at which the temperature rises. Since the smaller volume would
theoretically take less time to heat up, and could heat up to a greater temperature the thermal
capacitance was expected to decrease with a reduction in tube diameter, thereby increasing the
efficiency of the system. However, the results show the opposite e↵ect occurring. And keeping
in mind that thermal resistance actually decreased with a decrease in diameter, there was also
an increase in ⌧cool as seen in Figure (4.16a), which further contributed to a reduction in Cth as
shown in Eq. 4.6. The reasoning for an increase in ⌧heat with a decrease in diameter can again be
explained by the reduced thermal insulation resulting in an increase in thermal conduction to the
walls of tube. With excess thermal energy moving into the tube walls, they e↵ectively increase
the total thermal capacitance of the system, which reflects in the increased thermal time constant
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Figure 4.16: Comparison of thermal time constants when heating and cooling.
and reduced thermal resistance.
Assuming that Cth stayed constant between the heating and cooling phase, Eq. 4.6 was used
to calculate Rcool with the measured thermal time constant (⌧cool ). The results indicate that an
increase in pressure, caused the TCA to cool more rapidly by significantly reducing the thermal
resistance. More interestingly, the results show a significant reduction in the cooling rate from D1
to D2. This makes sense, since and reduced diameter produces a magnified flow rate at constant
pressure.

4.4

Conclusion

This study aimed to explore the performance of actively cooled TCAs in an enclosed tube environment for two di↵erent cooling mediums.
This first section presented a numerical analysis using CFD software to study the performance
of three o↵-the-shelf micro fluidic pumps on the cooling rate. The simulations suggested that two
pumps had the capability to provide cooling rates high enough for a 2 Hz operating bandwidth,
which is enough to support voluntary motion for wearable devices. The results also indicated that
the tube diameter was inversely proportional to the velocity and overall cooling rate, so future
research should extend this study to further decrease the diameter until a maximum cooling rate
is achieved, and conduct validation experiments on a physical apparatus.
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The second section presented performed a repeated measures analysis on air cooled TCAs
in the same tube enclosure design. This study was conducted on a physical apparatus due to
the ease of implementation and more accurate and realistic measurements. The results showed
a significant improvement in the cooling times and indicated that the efficiency and response
time were negatively a↵ected by a reduction in the tube diameter due to the decreased insulation
provided by the air gap between the TCA and inner tube wall. During the cooling phase, a drop
in Rcool was correlated to a decrease in tube diameter, suggesting that the tube walls provided
faster cooling by inducing higher flow rates, however smaller diameters may cause the tube walls to
absorb more heat from the TCA, thus increasing the apparent thermal capacitance and reducing
cooling rates.
Pressurized cooling apparatus significantly easier to build and test, and provides benefits over
liquid cooling such as lower volumetric mass from the cooling medium and negligible corrosion.
Furthermore, since nylon absorbs water, TCAs sitting in fluid for long periods, even without
becoming activated, could become altered and unreliable over time.

Chapter 5

Thermal Modeling and
Characterization of Twisted Coiled
Actuators
This chapter is adapted from ‘Thermal Modeling and Characterization of Twisted Coiled Actuators
for Upper Limb Wearable Devices’, published in IEEE Transactions on Mechatronics, 2020 [86].

5.1

Introduction

The findings from the previous chapter revealed that the geometry and material properties of the
enclosure can have a significant e↵ect on the thermal characteristics of the system. For example,
a larger tube diameter may provide better insulation, causing the actuator to heat faster and
with greater efficiency, however it would also reduce the cooling rate by reducing the velocity
of the cooling medium. In order to extend this cooling method to any unique application, it is
necessary to create an analytical model of the thermal characteristics of the system with respect
to the input design parameters, such as the tube material, thickness, and length, along with the
physical dimensions of the TCA, such as the pitch and diameter. This model would then allow
quick estimation of the actuator performance based on the input design parameters for any unique
application.
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Objectives

Therefore, the objectives of this chapter were to derive the fundamental heat transfer equations
of the proposed enclosure apparatus in terms of the primary design variables, and use those equations to conduct a sensitivity analysis in order to determine feasibility of this design in wearable
applications.
It should be noted that despite the better performance of water cooling presented in the previous chapter, compressed air proved to be much easier to implement into a physical environment,
which was required to fully validate the analytical model presented later in this study.
This objective was therefore broken down into three parts as follows: i ) The first is to identify
a thermal model for the tube enclosure system in terms of its design variables and input variables. The design variables are the inner tube diameter, tube thickness, tube material, and TCA
dimensions, while the input variables are power and air pressure. ii ) The second is to validate the
model by testing the transient and steady state responses. iii ) The third is to analyze the model
to find general correlations between the design variables and the following performance characteristics: heating and cooling rate, power requirements, air pressure requirements, and steady state
temperatures of the outer tube surface and TCA body. This final objective is especially important
in medical applications, as it allows designing systems around constraints such as maximum outer
tube surface temperature and coolant air pressure. It is important to note that the scope of this
study is specifically focused on the thermal modeling of the TCA itself during heating and cooling,
and that the e↵ect of the thermally induced strain of the TCA was not measured or considered
in this study, since the thermomechanical coupling has been measured previously by Haines et al.
[45].

5.3
5.3.1

Design and Fabrication
TCA Fabrication

To test the thermal model, two di↵erent TCA sizes were fabricated from 2-ply and 4-ply using
the methods outlined in Appendix C. Additionally, a naming convention was implemented to
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Figure 5.1: Active cooling design for twisted coiled actuators using controlled pressurized air.
distinguish the two TCA types, TCA2 refers to the 2-ply base thread, and TCA4 refers to the
4-ply base thread.

5.3.2

Tube Enclosure Design and Fabrication

The TCA tube enclosure was designed using 3D modeling software to provide directed air flow
evenly around the TCA strand without restricting axial movement. A free moving end was necessary to prevent fatal stress from building up during the heating phase, and to allow the experimental setup to adapt to deformations developed during testing and to any length inconsistencies
between samples. Figure 5.1 shows the final design, which includes mounting loops to secure the
crimped ends of the TCA to the power leads, a slider to allow free movement, a small 1 mm hole
for thermocouple readings, and an air pressure inlet. The tube wall thickness for all tube sizes
was 1 mm with varying inner diameter, as discussed in the following sections. The fabrication
consisted of an additive manufacturing process using a Stratasys Objet 260 printer with VeroClear
RGD810 resin and 30 µm resolution.

5.4

Analytical Model

The heat transfer system for the proposed design considers the TCA body, a small air gap, the tube
wall, and the external environment as illustrated in Fig. 5.2, where t is the tube wall thickness, D
is the inner tube diameter, d is the diameter of a single TCA strand before plying, and L is the
length of the TCA and tube. The analytical model describing this system was derived from two
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Table 5.1: Design parameters
Parameters
Thickness
Length
Inner Diameter
TCA Diameter
# of Plies
Tube Conductivity
Tube Emissivity

Symbol
t
L
D
d
n
kwall
"wall

Units
m
m
m
m
W m 1K
-

1

Figure 5.2: Heat transfer mechanisms within the TCA active cooling apparatus.
main concepts: the thermal resistance concept and the lumped capacitance model. By using these
concepts, the transient and steady state temperature of the TCA can be characterized by its stored
energy (determined by Cth ), generated energy (determined by Pin ), and lost energy in the form of
radiation (qrad ), convection (qconv ), and conduction (qcond ) from the varying heat transfer mediums
seen radially from the TCA surface. The remainder of this section will explain the incorporation
of these two concepts into the heating and cooling phases of the proposed design in terms of the
system design parameters shown in Table 5.1.

5.4.1

Thermal Resistance Concept

The thermal resistance concept was used to encapsulate the total heat transfer rate throughout the
TCA actuation system into a single term, Rtot , so that experimental measurements of the TCA
surface temperature (Ttca ), and the ambient temperature (T1 ), could easily be used to validate
Rtot given the following equation:
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✓ = Pin Rtot ,
where the potential temperature, ✓, is equal to Ttca

(5.1)

T1 , and Pin is a known power input used to

heat the TCA strand through resistive heating. By configuring the thermal model into a circuit
diagram, the properties describing each thermal resistance can be carefully chosen to control the
steady state temperatures as any node in the system.

5.4.2

Thermal Capacitance

In order to eliminate the spatial component of the TCA body during transient and steady state
analysis, it was characterized as a lumped thermal capacitance (Cth ) with homogeneous thermal
distribution throughout its axial and radial directions. The lumped capacitance method can be
used as long as the total resistance seen at the surface of the TCA (Rtot ) is much larger than the
internal conductive thermal resistance of the TCA (Rtca ). This ratio, known as the Biot number
(Bi), should therefore be less than 0.1 as shown in Eq. 5.2, in order to permit the use of the
lumped capacitance model [77]. Here, Rtca is defined by Eq. 5.3, where Lc is the characteristic
length, ktca is the thermal conductivity, and Atca is the surface area.

Bi =

Rtca
< 0.1,
Rtot

(5.2)

Lc
,
ktca Atca

(5.3)

Rtca =

For this study, Lc was assumed to be equal to d, or 0.375 mm and 0.75 mm for the TCA2 and
TCA4 , respectively, and ktca , was assumed to be 4.6 W m

1K 1

from Sun et al. [87]. The TCAs

surface area, Atca , was approximated as a double helix using equation 5.4, where n is the number
of TCA strands plied together,

is the pitch, and N is the number of turns. For this study, the

chosen fabrication process yielded n = 2, and the value, , was obtained using a standard caliper,
yielding 2 mm and 4 mm, for TCA2 and TCA4 , respectively. N was then calculated as L/ ,
giving values of 52 and 26 for TCA2 and TCA4 , respectively. The variable m was inserted into Eq.

5.4 Analytical Model

71

qin Ttca qout

Rtot

T1

Cth
Figure 5.3: Simplified thermal model of the TCA body. Consists of the lumped thermal capacitance, Cth , the total thermal resistance, Rtot , the temperature of the TCA body, Ttca , the ambient
temperature, T1 , and the total heat entering and exiting the system, qin and qout , respectively.
5.4 as a calibration factor to account for additional surface area produced by the TCAs complex
structure, as will be discussed later in this section.

Atca = mnN ⇡ 2 d2

p
1 + ( /⇡d)2

(5.4)

It is important to note that since the value of Rtot is not known at this point, Eq. 5.2 was
assumed to be satisfied as previous findings have provided evidence to suggest that the lumped
capacitance method holds true [81]. This assumption will be discussed and compared to the true
findings of this current study in Section 5.7.
By adapting the lumped capacitance method to the TCA body, the simplified thermal model,
shown in Fig. 5.3, can be used to approximate the net heat transfer rates entering (qin ) and exiting
(qout ) the system. Here, the total thermal resistance, described by Rtot , acts radially from the TCA
surface, where the stored thermal energy is described as a single lumped capacitance, Cth , and
the surface temperature of the TCA is represented as Ttca . Equation 5.5 describes Cth in terms of
the volumetric density, ⇢, the volume (calculated using the nominal thread radius and untwisted
length of 1.2 m), V , and the specific heat, c. By assuming that joule heating is the only source
of input energy, qin was equated to the electrical input power, Pin . Therefore, the energy balance
equation can be described by Eq. 5.6, where the solution to ✓ in the time domain is represented in
Eq. 5.7,and ✓i is the initial potential temperature between the TCA and environment, or Ti

Cth = ⇢V c

Cth

dT
= Pin
dt

T1 .
(5.5)

✓
Rtot

(5.6)
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Re,conv
Ttca

T1
Re,rad

Figure 5.4: Thermal resistance circuit of a bare TCA. Here, Ttca is the surface temperature of the
TCA body, T1 is the ambient temperature, Re,conv is the thermal resistance due to convection,
and Re,rad is the thermal resistance due to radiation.

✓ = ✓i e

t
⌧

+ Pin Rtot 1

e

t
⌧

(5.7)

Equation 5.7 can then be used to compute the temperature of the TCA at any time, t. It is
also evident that the di↵erence between the TCA and the ambient temperature will exponentially
decay to zero as t approaches infinity for Pin = 0, or to Pin Rtot when Pin > 0. The variable, ⌧ , in
Eq. 5.7 is the thermal time constant of the system, which is described as a function of Rtot and
Cth given by the following equation:

⌧ = Rtot Cth ,

(5.8)

and can be measured experimentally as the time to reach 63.2% of the steady state response.
To validate Cth and Atca , a simplified model was developed for the case of a TCA without the
tube enclosure. This allowed the model to be calibrated to accurately tune the specific heat, c,
from Eq. 5.5 and the area multiplier, m, from Eq. 5.4.

5.4.3

Simplified Model

The equivalent thermal resistance circuit of the simplified TCA model represented in Fig. 5.4 consists of the thermal convection term, Rconv , given by Eq. 5.9. The thermal convection coefficient,
h, is obtained from an expression approximating a long cylinder described by Eq. 5.10, where kair
is the thermal conductivity of air, and N uD is the Nusselt number given by Eq. 5.11.

Rconv =

1
hAtca

(5.9)

5.4 Analytical Model

73

h=

N uD =

✓

N uD kair
nd

(5.10)

1

0.60 +

6
0.387RaD
9

8

(1 + (0.559/P r) 16 ) 27

◆

(5.11)

The Prandtl number, P r, is 0.7 for air and the Rayleigh number, RaD , is given as follows:

RaD =

g ✓L3c
,
v↵

(5.12)

where Lc , is the characteristic length defined here as d, g is gravitational acceleration,

is the

thermal expansion coefficient equal to 1/T for an ideal gas (where T is the average operating
temperature), v is the viscosity of air (20.92 ⇥ 10
(29.9 ⇥ 10

6 m2 /s).

6 m2 /s),

and ↵ is the thermal di↵usivity of air

The thermal radiation term, Rrad , is given as follows:

Rrad =

"tca

1
2 + T2 ),
Atca (Ttca + T1 )(Ttca
1

where emissivity, "tca , is 0.85 from [88], and

is Stefan Boltzman’s constant (5.67⇥10

(5.13)
8

Wm

2 K 4 ).

The thermal conductivity of air, kair , is temperature dependent, therefore, the data found in
Bergman et al. [77] were interpolated to obtain the following linear correlation:

kair = 7.5(10

5

)T + 0.0242,

(5.14)

where T is the temperature taken from the surface of interest. Equation 5.14 was therefore used
for each instance of kair throughout this model.

5.4.4

Heating Phase

The complete heat transfer model includes the TCA body, an air gap, the tube wall, and the
ambient environment. Figure 5.5 illustrates the equivalent thermal resistance circuit for the heating
phase, where the stagnant air between the TCA and inner tube wall behaves like a solid medium
producing a thermal conductivity resistance given by Eq. 5.15, where the characteristic length,
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Ttca
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External

T1

Tube
Rg,rad
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Figure 5.5: Thermal resistance circuit during the heating phase. Here, Rg,cond and Rg,rad are the
conduction and radiation resistances across the air gap, Rt,cond is the conduction resistance across
the tube wall, and Re,conv and Re,rad are the convection and radiation resistances at the outer tube
wall whose temperature is denoted as Ttube .
Lc , of two concentric cylinders is calculated using Eq. 5.16, where ro is equal to D/2, and ri is
equal to half the e↵ective diameter, De↵ , of the TCA cross section, given by Eq. 5.17.

Rg,cond =

Lc =

De↵ = 4

Lc
kair Atca

2[ln( rroi )]
(ri

3/5

+ ro

3/5 5/3
)

A
n⇡(d/2)2
=4
=d
P
n2⇡(d/2)

(5.15)

(5.16)

(5.17)

Here, A is the cross section, and P is the perimeter of the TCA body. For this approximation,
De↵ correlates to d for any number of TCAs plied together. The thermal resistance through the
tube wall is defined as a cylinder, given as follows:

Rtube =

ln( rroi )
2⇡Lktube

,

(5.18)

where ktube is the thermal conductivity of the tube material, ri is the inner radius defined as D/2,
and ro is the outer radius defined as (D + 2t)/2. The thermal resistance due to convection on the
outer surface of the tube is defined by Eq. 5.19, where Atube is simply the area of the outer tube
surface, and h is the convection coefficient given by Eq. 5.20, where N uD can be solved using Eq.
5.11 and 5.12 with a characteristic length, Lc , equal to D + 2t.
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Figure 5.6: Thermal resistance circuit during the cooling phase. Here the thermal conduction term
in the air gap becomes thermal convection (Rg,conv ).

Re,conv =

h=

1
hAtube

N uD kair
D + 2t

(5.19)

(5.20)

Finally, the thermal resistance due to radiation at the outer surface of the tube is obtained by
the following equation:

Re,rad =

"tube

1
,
2
2 )
Atube (Ttube + T1 )(Ttube
+ T1

(5.21)

where T1 refers to the ambient temperature and "tube refers to the emissivity of the tube material.
Rg,rad can be found using Eq. 5.21, substituting "tube for "tca , Atube for Atca , and Ttube for Ttca .

5.4.5

Cooling Phase

During the cooling phase, air is flowing freely through the air gap, which is reflected in the equivalent thermal resistance circuit shown in Fig. 5.6, where all terms can be solved using the same
methods described in the previous section, except for the thermal resistance from the air gap
convection, Rg,conv . This new term for the air gap is defined by Eq. 5.22, where the convection
coefficient, h, can be calculated by Eq. 5.23, the hydraulic diameter, Dh , is equal to D

d, and

the Nusselt number, N uD , is computed using Eq. 5.24.

Rg,conv =

1
hAtca

(5.22)
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h=

N uD kair
Dh

(5.23)

4

N uD = 0.023Re 5 P r0.3

(5.24)

The Reynolds number, Re, is then described by equation Eq. 5.25, where V is the velocity of
the air, and De↵ is the e↵ective diameter, defined by Eq. 5.26. The dimensionless parameter, ⇣, is
given by Eq. 5.27.

Re =

V De↵
v

(5.25)

2Dh
⇣

(5.26)

De↵ =

⇣=

D4

(D d)2 (D2 d2 )
d4 (D2 d2 )2 / ln(D/d)

(5.27)

The air velocity, V , was measured using an Omega Mass Flow Meter1 , against the inner tube
diameter, D, and inlet pressure, p, and fitted using linear regression to obtain Eq. 5.28. The
hydraulic area, Ah , is given by Eq. 5.29.

V =

✓

333.33D2 + 5.5D + 0.0745 ln(p)
Ah

Ah = ⇡(

D 2
)
2

0.5038

d
⇡(D2 nd2 )
n⇡( )2 =
2
4

◆

⇥ 10

3

(5.28)

(5.29)

The equations described in this section come from standard models from the thermodynamics
field cited from Bergman et al. [77] and the fluid dynamics field from White et al. [89]. The
TCA-specific analytical model derived here from these standard equations provides a solution to
the steady state and transient thermal responses of the proposed active cooling system in terms
of the system controlled inputs and design parameters.
1

Omega, PN: FMA1724A, 20 SLM, ±1%
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Figure 5.7: Experimental apparatus used to find the thermal properties of the TCA.

5.5
5.5.1

Experimental Methods
Setup

To measure the unknown variables, an experimental apparatus was built, as shown in Figure
5.7. The apparatus consisted of a DC power supply, a pressure regulator, control circuitry, and
the TCA cooling assembly. The control circuitry consists of a microcontroller (Atmel 2560), a
temperature sensor, a power sensor, a pressure sensor, a pneumatic solenoid valve, and a DC–DC
buck converter. It should be noted that, although it is common to use displacement to deduce the
actuator temperature, this method is sensitive to friction in the experimental apparatus, and since
the validation procedure required multiple variations of inner tube diameters, heating powers, and
cooling pressures, the frictional losses were not constant across all trials.
The power input (Pin ), was controlled by a feedback loop between the microcontroller, power
sensor (INA219B), and DC–DC buck converter (LM2596), to within 0.01 W. The pressure sensor
(MPRLS) was connected in parallel with the solenoid valve and used to accurately set the regulated
input pressure during the cooling trials. The power supply was set to 24 V and connected directly
to the DC–DC buck converter and a power MOSFET controlling the solenoid valve. A digital
thermocouple (MAX31855) was used to take the temperature measurements for the transient and
steady state trials. Figure 5.8 (top) shows the TCA enclosure assembly indicating the locations of
the measurement points where the thermocouple was placed to take the steady state measurements
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Figure 5.8: TCA with and without tube enclosure. TCA tube enclosure assembly (top), and bare
TCA assembly for the simplified model (bottom).
of the TCA inside the tube, and on the outer surface of the tube.
Figure 5.8 (bottom) shows the simplified TCA system, which includes a thermocouple placed
at the center of a bare TCA. Preliminary measurements of this setup indicated that there was no
measurable temperature gradient across the TCA or coolant air between the inlet and the outlet.
This can be confirmed by solving the mass flow rate, thermal energy equation, Pin = ṁcp T ,
during the trials for which the maximum temperature change would occur between the inlet and
outlet temperatures,

T . Logically, this would occur for the largest input power, Pin , and the

smallest mass flow rate, ṁ, which for this study was 5 W and 0.05754 kg/s, respectively, for D = 6
mm, and p = 2 kPa. The resulting theoretical temperature di↵erence,

T , was approximately

0.086 C, which was considered to be negligible compared to the temperature fluctuations measured
at the surface of the TCA. This assured that the single location could provide accurate temperature
measurements. Furthermore, due to the design of the mounting points at each end of the apparatus,
any measurements at those points would not reflect real world values if this design was to be
incorporated into a wearable device. The measurement points were chosen to be close to the
center of the tube since the tube had more exact dimensions for the chosen design parameters at
those points. Additionally, the center of the tube made it easier to access and to supervise the
sensors from multiple angles during testing. Finally, due to the complex structure and electrically
conductive surface of the TCAs, a small drop of high-density silver thermal paste2 was applied to
the thermocouple tip.
2

Arctic silver high-density polysynthetic silver thermal cooling compound AS%-3.5g.
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To assist in future replication of this study, Eqs. 5.25-5.28 were used to calculate Re resulting
in a range of 5.12–11.29 (⇥103 ). Furthermore, the lab conditions observed when conducting the
following procedures were not closely monitored but were assumed constant at 25 C with typical
humidity levels, especially since the viscosity, v, and di↵usivity, ↵, of air are not sensitive to
temperature changes close to these conditions.

5.5.2

Procedure

In order to validate the model, an experimental evaluation was performed on both the simplified
model and the active cooling model. The simplified model was necessary to provide valid measurements of Atca and Cth in order to tune the parameters from Eqs. 5.4 and 5.5. Since Eq. 5.8 is
required to calculate Cth , a transient response of the system was used for evaluation. Figure 5.8
(bottom) shows the thermocouple mounted at the midpoint of the TCA axis where it was sampled
at 10 Hz for various power inputs (Pin of 0.5, 1.0, 1.5, and 2.0 W). Each of the two TCA types
(TCA2 and TCA4 ) were mounted and tensioned with a 50 g weight, then heated at each power
input from room temperature (25 C) for 300 s. With the specific heat capacitance, c, and the area
multiplication factor, m, measured using the transient analysis of the simplified TCA model (Fig.
5.4), the remaining two models (Fig. 5.5 and 5.6), representing the heating and cooling phase of
the TCA within the tube enclosure, can be validated through steady state measurements as per
Eq. 5.1.
The thermal model of the complete active cooling system was investigated under various power
inputs, tube diameters, and cooling pressures, along with the two TCA sizes previously mentioned.
The power inputs for each phase were selected so that the TCA strands would not break under high
temperatures. The maximum allowable temperature for these experiments was 160 C, therefore,
the heating phase was chosen to have power inputs of 0.5, 1.0, 1.5, 2.0, and 2.5 W. The cooling
phase also required a known power input to solve for Rtot , however, since this phase was more
resistant to heating, the power inputs were chosen as 1.0, 2.0, 3.0, 4.0, and 5.0 W to amplify
the thermal response for better thermocouple readings. Three inner tube diameters were chosen
for testing (3.0, 4.0 and 5.0 mm). All tubes held a constant wall thickness of 1.0 mm. For the
cooling phase, three pressures were used (2.0, 4.0, and 6.0 kPa), which were set manually using
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a wall mounted air pressure regulator and verified with digital pressure sensor readings from the
microcontroller.
It is important to note that since the tip of the thermocouple would disrupt the dynamics
within the tube enclosure, a transient measurement of the thermal response would not be reliable.
Consequently, the validation procedure consisted of steady state measurements at the TCA and
outer tube surfaces. For each test, the TCA was mounted into one of the three tube sizes and
tensioned using a 50 g weight. Once the TCA and outer tube wall settled to room temperature,
the power was set to the desired input value and heating was activated for 300 s, at which point
the thermocouple was used to take measurements at the TCA surface through a small hole at
the center of the tube body, and at the outer tube surface, as illustrated in Fig. 5.8 (top). The
cooling phase required the additional step of manually adjusting the wall mounted regulator until
the digital pressure sensor gave the desired output.

5.5.3

Analysis

The model described in Section 5.4 yields nonlinear, first-order, non-homogeneous, ordinary differential equations that cannot be integrated to obtain exact solutions. Therefore, an iterative
approach was used to validate the model against the experimental measurements; however, there
are two methods to find the solution iteratively. Method 1 (static Rtot ) simply uses a desired
input, Pin , and an initial guess for Ttca and Ttube , and solves for Rtot , continuously updating the
output variables on each iteration until a convergence criterion is met. Equation 5.7 can then
be used to plot the response once the final value for Rtot is achieved, and assumes a static Rtot
throughout the time frame. Method 2 (dynamic Rtot ) calculates Rtot at every time step given a
known Pin and initial conditions (Ttca and Ttube ). The di↵erence in the two methods is expected to
be most visible in the transient stage of the response, since the value of Method 2 will eventually
converge to a steady state value equal to the results of Method 1. The comparison of these two
methods is important in determining the best control algorithms to use for future applications.
The analysis of the steady state trials used to validate the active cooling model simply used
Method 1 to solve for each variation of the input variable, with the initial conditions always set
equal to the ambient temperature (T1 ), and convergence criteria set to 0.01 C.
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(a)

(b)

Figure 5.9: Transient time response of bare TCAs. Simplified transient analysis of a) TCA2 and b)
TCA4 , without tube enclosure, including the raw experimental data (Measured), and the computed
data (Static and Dynamic R).

5.6
5.6.1

Results
Transient Trials

Figure 5.9 shows the results of the measured and computed transient response for the simplified
model for TCA2 and TCA4 . The transient response of TCA4 was evaluated using the same
method and the values for the specific thermal capacitance, c, and area multiplication factor, m,
were found to be 4500 J/K and 1.75, for both TCA form factors, by iteratively adjusting each
parameter until the results showed good agreement with the dynamic Rtot curve. To find m, the
steady state temperatures were measured and used to solve Eq. 5.1, 5.9 and 5.13 for Atca . Next,
c was tuned to match the transient component of the response of the computed curves with the
measured curves. Since the resin has properties similar to acrylic, the thermal conductivity, ktube ,
was given a value of 0.20 W m

1K 1,

and the emissivity, ", was given a value of 0.94 as determined

from online sources3 . The finalized values for the thermal system are shown in Table 5.2.
Figure 5.10 shows the error between the static and dynamic Rtot methods against the measured
results, and Table 5.3 presents the results quantitatively in terms of the root mean squared error
(RMSE), measured over the first 60 seconds of heating, and the maximum absolute error (|E|). The
total averaged RMSE of the static and dynamic Rtot methods were 1.86 and 1.01 ( C), respectively,

3

https://www.infrared-thermography.com/material-1.htm, Accessed on: August 22, 2019
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Table 5.2: Final design parameters.
Property
⇢
"tca
ktca
L
c
ktube
"tube
Pr
m

Value
1700
0.85
4.6
0.100
4500
0.2
0.94
0.7
1.75

Units
kg/m3
W m 1K
m
J/ C
W m 1K
-

1

1

Table 5.3: RMSE values for transient analysis (in C).

Pin (W)
0.5
1.0
1.5
2.0
Max |E|

TCA2
Static Dynamic
0.65
1.06
1.79
0.65
1.74
1.21
2.57
1.91
5.12
3.31

TCA4
Static Dynamic
1.32
0.53
2.06
0.31
2.29
1.25
2.38
1.14
3.66
1.88

while the total maximum |E| for static and dynamic Rtot were 5.12 and 3.31 ( C), respectively.

5.6.2

Steady State Trials

Figure 5.11 shows the measured and predicted values of the steady state temperatures of Ttca
and Ttube during the heating and cooling phases of the tube enclosure model. This output was
reproduced for the cooling phase using the three di↵erent cooling pressure inputs (2, 4, and 6 kPa),
where the RMSE values for each trial variant are listed in Table 5.4. The total averaged RMSE
for all heating phase trials was 2.86 C with a maximum |E| of 8.16 C. The total average RMSE
for all cooling phase trials, including all three pressure inputs, was 1.15 C with a maximum |E|
of 4.33 C. The operating temperature ranges were 63 C–175 C during heating, and 30 C–110 C
during cooling. Therefore, the resulting accuracy for heating and cooling was 92.7% and 94.5%,
respectively.
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(a)

(b)

Figure 5.10: Error between the measured and calculated transient response TCAs. Absolute
temperature di↵erence between the measured time response of a) TCA2 and b) TCA4 , and the
calculated values from both analytical methods.

5.6.3

Sensitivity Analysis

A sensitivity analysis was conducted on the inner tube diameter, D, input power, Pin , conductivity
of the tube material, ktube , tube wall thickness, t, and inlet pressure, p. It is important to note
that this analysis was based on equivalent constraints related to wearable applications, however
the interpretation of these results should be based on the relative e↵ect of the design parameters
on the system outputs. With that said, the following results were obtained assuming an ambient
temperature, Tamb of 25 C, and a TCA temperature range between 35 C and 80 C.
Figure 5.12 shows two di↵erent evaluations of the system during the heating phase. Figure
5.12a shows the amount of time required to heat TCA2 and TCA4 from 35 C to 80 C with respect
to the input power. This was computed using the static Rtot method and Eq. 5.7, rearranged for
Table 5.4: RMSE values for steady state trials (in C).
Diameter

Test Point

Ttca
Ttube
Ttca
5.0 mm
Ttube
Ttca
6.0 mm
Ttube
Max |E|
4.0 mm

Heating
3.62
0.61
5.04
1.88
4.74
1.27
8.16

Cooling
2 kPa 4 kPa 6 kPa
1.16
1.25
1.11
0.58
0.74
0.81
2.25
1.56
1.65
0.57
0.62
0.69
1.61
2.55
1.54
0.84
0.57
0.62
4.33
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(a)

(b) Varying lh from 10 to 30 mm.

(c) Varying hw from 10 to 30 mm.

(d) Varying hh from 10 to 30 mm.

Figure 5.11: Results obtained from steady state heating phase experiments. Each plot represents
the predicted and measured steady state temperatures for Ttca and Ttube for three di↵erent inner
tube diameters. a) Refers to the heating phase trials, while b–c) refer to the cooling phase trials
with the cooling pressure set to 2 kPa, 4 kPa, and 6 kPa, respectively.
time. Figure 5.12b illustrates the e↵ects of inner tube diameter, tube wall thickness, and TCA
size on the input power required to hold the TCA at 80 C. In this figure, the performance of both
TCA types are shown, and the diameter was varied between 2 mm and 6 mm, and the tube wall
thickness was varied between 0.5 mm and 3.0 mm with a 0.5 mm step size. It should be noted
that the lower limit of the diameter was chosen to be greater than the total diameter of TCA4 (1.5
mm).
Figure 5.13 shows the e↵ects of ktube and t on the tube wall temperature, Ttube , using a constant
TCA temperature (Ttca ) of 80 C. Here ktube was varied from 0.01 to 0.9 (W m

1 K 1 ),

and t was

varied from 0.5 mm to 3 mm in 0.5 mm increments. This result shows how this model can be used
to tune the maximum temperature seen at the exterior surface of the tube wall at steady state, at
any known TCA temperature.
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(a)

(b)

Figure 5.12: Heating phase input power evaluation. a) Time required to heat TCA2 and TCA4
from 35 C to 80 C vs. input power (Pin ). b) Input power required to hold TCA2 and TCA4 at
80 C.

Figure 5.13: E↵ect of tube conductivity, and
thickness on the tube temperature when Ttca is
held at 80 C.

Figure 5.14: Time required to cool TCA2 from
80 C to 35 C vs. inlet pressure and inner tube
diameter.

Figure 5.14 demonstrates the e↵ect of D and p on the time required to cool the system from
80 C to 35 C. The inlet pressure was varied from 1 kPa to 5 kPa while the diameter was varied
from 1 mm to 3 mm in 0.5 mm increments.
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Discussion

As discussed in Section 5.4.2, the Biot number, Bi, is an important value needed to validate
the thermal capacitance model, which in turn allows the use of Eq. 5.7 to determine the transient response of the system. Therefore, with the simplified model verifying the surface area for
TCA2 and TCA4 as 4.98 ⇥ 10

4

m2 and 9.995 ⇥ 10

4

m2 , respectively, Eq. 5.3 reveals that Rtot

must be greater than 1.638 K/W to satisfy Eq. 5.2. The lowest value of Rtot measured in this
study was apparent during the highest rate of cooling, which was 10.9 K/W , which validates the
approximations associated with the lumped capacitance method.
During the sensitivity analysis, multiple input and output parameters were analyzed; however,
due to the large number of variations between these parameters, only a select few were chosen
as an example of the usefulness of this model. It is therefore important to understand that the
performance predictions of this model are highly dependent on the specific requirements of the
application. For instance, Fig. 5.12a shows that the diameter of the TCA has a significant e↵ect
on the heating time of the system since it is proportional to Cth through Eq. 5.5, and in turn
a↵ecting the response time of the system via Eq. 5.8. Figure 5.12b provides further insights by
comparing the inner tube diameter, tube wall thickness, and TCA size, to the power required to
hold the TCA at 80 C. This correlation could be an important performance metric for calculating
energy consumption during applications involving a static holding force.
Figure 5.13 illustrates the relationship between the thermal conductivity of the tube and the
tube wall thickness, to the tube wall temperature when the TCA is held at 80 C. The knowledge
gained from this comparison could be used for applications involving the implementation of TCAs
into a wearable mechatronic brace, where the temperature of the surface contacting the user must
be known and reduced to a specified margin of safety.
Figure 5.14 shows how the cooling pressure at the inlet, and the inner tube diameter, a↵ect
the system’s ability to cool the TCA from an arbitrary holding temperature of 80 C to a resting
temperature of 35 C, assuming an ambient temperature of 25 C. The time it takes to cool the
TCA is an important performance metric for applications where specific activation speeds need to
be met. For instance, if a minimum period of 1 second must be achieved for a specified temperature
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range, the graphical representation shown in Fig. 5.14 would provide a range of adequate inner
tube diameters and inlet pressures.
As well, when compared to the heating and cooling rates of a TCA system without active
cooling, such as that presented by Saharan et al. [63], which showed a maximum frequency of 0.03
Hz, the system here could provide much higher bandwidth depending on the input settings. For
instance, a 1 Hz bandwidth could be achieved with a 2-ply TCA (TCA2 ) at 30 W heating power,
and 3 kPa cooling pressure, as seen in Figures 5.12a and 5.14 (0.5 s for each phase).
It is important to specify the primary sources of error existing in this model. The most notable
source of error was the temperature sensing method used during validation. Since the TCAs have
rough and non-planar surfaces, along with thin dimensions, the choice of a conventional sensing
method required preliminary testing and validation. Four thermal sensing methods were considered: an infrared (IR) sensor, a micro thermistor, a thermal imaging camera, and a thermocouple.
IR sensors required close proximity such that they were embedded in the tube enclosure such as
in [81], however this meant that the analytical model of the tube wall would be compromised.
Micro thermistors were also considered because of their fast response time and high accuracy,
however due to their fragile leads, they were prone to damage under the experimental conditions
and also showed errors if the leads contacted the TCA surface directly. Additionally, thermal
imaging cameras were not considered since the experimental validation procedures required direct
measurement of the TCA surface, which was hidden behind the tube walls. Another source of error for this model was the assumptions made for the material properties of the nylon thread used
to construct the TCAs and the resin material used to fabricate the tube enclosure. The model
also excluded the thermal capacitance of the tube wall from the heat transfer model in order to
simplify the system of equations. Preliminary calculations predicted that the thermal capacitance
was insignificant compared to the TCA body, but future research should inspect the e↵ects of this
thermal element in more detail.
The experimental results of this study show that it is possible to model and accurately predict
the thermal response of an electrically heated TCA within an active cooling enclosure with as little
as two variables requiring experimental measurement. These two parameters were empirically
determined using the transient response of the bare TCA setup: the first was the specific heat, c,
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since the twisting and coiling of the nylon thread resulted in an unknown value, and the second was
the surface area factor, m, which was needed to correct for errors in the surface area approximation.
The model presented here shows that the specific heat and surface area factor stayed constant
throughout all tests, meaning that they are dependent on the fabrication process and only need
to be determined once. In contrast, a purely numeric first-order model with standard curve fitting
would work just as well, but it would need to be repeated for TCAs of varying lengths and
diameters. Furthermore, the physical model used here allows the analytical evaluation of the
e↵ects of the various design parameters on the performance without having to perform a curve
fitting for each variant.
Finally, although this study required the manual adjustment of a wall mounted regulator,
the overlying goal was to measure the e↵ect of di↵erent air pressures on the cooling rate of the
actuator. By validating this relationship and conducting a sensitivity analysis, this model can be
used to choose a single cooling pressure for use in applications such as a wearable brace, in order
to provide adequate cooling rates during voluntary movements, eliminating the need for manual
pressure adjustments during use. In practical applications, the required pressure calculated using
this method could be used to determine a suitable on-board pneumatic pressure-generation method
as described in recent reviews [84].

5.8

Conclusion

The aim of this chapter was focused on the identification of a thermal model of the system comprised of the TCA body within the tube enclosure in order to conduct a sensitivity analysis of
the design parameters and system outputs. This study provided a new solution to modeling the
thermal behaviour of TCAs within an active air cooled enclosure. The thermal models were validated against multiple inner tube diameters, heating powers, cooling pressures, and TCA sizes,
and predicted the temperature to within 8.16 C during heating, and 4.33 C during cooling, corresponding to 92.7% and 94.5% accuracy, respectively. The results indicate that the thermal model
could accurately predict the transient and steady state temperature of the TCA and tube wall
based on multiple design inputs including input power, inner tube diameter, tube wall thickness,
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tube conductivity (relating to the desired material), inlet cooling pressure, and TCA size. It is
anticipated that this model can provide future innovators of soft actuator based designs with an
accurate and predictable method for tuning and evaluating the thermal characteristics for their
respective systems.

Chapter 6

Feasibility of TCAs for Use in a Wrist
Rehabilitation Device
Part of this chapter was adapted from ‘Design and Evaluation of Actively Cooled Twisted Coiled
Actuators for Use in Wearable Rehabilitation Devices’, published in the Proceedings of the 8th
IEEE International Conference on Biomedical Robotics and Biomechatronics (BioRob), New York,
United States, November 29–December 1, 2020 [90]. Specifically, the BioRob study includes the
open loop frequency response of the actively cooled TCA system, which acted as a precursor to this
chapter, the contributions of which, will be highlighted in the procedures, results, and discussion
sections of this chapter. The remaining sections have not yet been published, and will form part
of a final submission.

6.1

Introduction

The aim of this chapter is to demonstrate the feasibility of TCAs in a practical application involving
upper limb rehabilitation, and as always, in engineering it is better to start simple, then build
in complexity. Therefore, a 1 DOF body part seems to be a trivial place to start in terms of
validation, and leads to the conclusion of implementing the actively cooled TCA system into a
wrist extension exoskeleton. In this way, we avoid the complex motion of the finger joints and the
large force requirements of the elbow and shoulder. Although the wrist is able to move in 2 DOF—
90
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i.e. radial–ulnar deviation, and flexion–extension motion—the primary movement is produced by
the flexion–extension motion. Thus, for the sake of simplicity, the focus of this study will consider
the wrist as a 1 DOF flexion–extension joint.

6.1.1

Applications

In terms of justifying feasible applications, any palsy associated with the brachial plexus—the
network of nerves controlling with the arms and upper torso—is a viable candidate to receive
the benefits associated with TCA-driven exoskeletons. Brachial plexus palsy weakens or removes
control of individual regions of muscles depending on the location and severity of the injury, which
can be much less complicated to control than disorders that produce spasticity and additional
joint sti↵ness over many muscle groups simultaneously, such as stroke. For the more complicated
diseases, an active assistive brace design would need to provide assistance across multiple joints and
produce larger mechanical forces to overcome the increased joint sti↵ness. Additionally, with the
efficiency of TCAs being less than 5%, they are likely best suited for localized muscle augmentation.
The most commonly injured region of the brachial plexus is the radial nerve, which controls the
extensor muscles of the wrist and fingers. Injury to this nerve is usually a result of a humeral fracture [91], which comprises of approximately 7.4% of all adult fractures [92], where approximately
15.4% of those result in radial nerve palsy [93]. A recent review of upper limb rehabilitation devices
found that there is a need for lightweight and low-profile mechatronic braces for wrist motion [94],
and TCAs may provide a solution to this need.
With this application in mind, wrist extension was chosen as the primary focus for this study,
since a biomechanical model can be simplified to a single degree of freedom in one direction,
and information regarding the force and strain of the wrist during daily tasks is readily available
throughout the literature [95][96], as will be discussed in Sections 6.2.1 and 6.2.2.

6.1.2

Design Specifications

Wrist extension orthoses have been presented previously in the literature such as with the eWrist,
which used cables driven by an electric motor with a high reduction ratio, however, as discussed
in Section 1.2.2, prevented mechanical backdrivability [97]. TCAs have also been implemented in
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a wrist extension orthosis by Sutton et al., which used 16 parallel TCAs to produce a maximum
output of 16 N (1 N per TCA) [98]. Although this design provided feasible results, it did not
utilize active cooling, which resulted in a 3.9 s response time and an operating frequency of 0.1 Hz.
According to Mann et al., the mean predominant frequency component for flexion and extension
of the wrist is approximately 1 Hz, with 75% of the total spectral energy below 5 Hz [99, 100].
Therefore, in order to provide assistance with normal voluntary motion, an assistive device should
be able to provide at least a 1 Hz bandwidth for full range of motion (ROM)—equivalent to a 0.5 s
response time for the individual heating and cooling phases—and provide small reaction forces up
to 5 Hz. Additionally, in terms of force requirements of daily tasks, Perry et al. found the torque
requirements of the wrist during ADLs to be a maximum of 0.34 Nm [35].
Another practical solution for TCA-driven wearable exoskeletons includes assistance during
guided rehabilitation exercises, which may require much slower speeds, especially during the initial
phases of rehabilitation when the nerve cells are still fragile and sti↵. However, due to a lack of
information in the literature concerning the minimum forces and bandwidth required for assistive
rehabilitation exercises, derivative reasoning was used to conservatively quantify these constraints.
In terms of the minimum force constraint, the force produced by gravity at the center of mass
of the hand was chosen as this lower constraint since this counterbalance assistance strategy has
a long history of use in rehabilitation clinics and is a widely accepted solution [101]. Since the
gravitational forces seen by the TCA depend highly on the kinematic model, these details will be
quantified in Section 6.2.2.
As for the minimum bandwidth requirement, this was deduced from literature by reviewing
the e↵ects of low speed movements on muscle growth. Two studies found a significant increases in
muscle growth during knee extension exercises for low speed movements between 0.05 Hz and 0.167
Hz when compared to high speed movements between 0.3 Hz and 1 Hz [56, 57]. Although these
studies concerned lower limb movements, the characteristics of biological muscle are independent
of location, and so an assumption is made that the notion of slower movements resulting in faster
muscle growth translates to the upper limbs as well [47].
The following sections will outline the conceptual design of a wrist brace, the development of the
kinematic, kinetic, thermal, and control models used for this system, the design and fabrication
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of the TCAs and embedded sensors, the development of the experimental apparatus, and the
procedures used to validate the system model.

6.1.3

Objectives

The objective of this study is to design and validate a TCA-driven mechatronic brace that uses
active forced air cooling in order to provide active assistance during wrist extension. This provides
a basis to compare the performance of the actuation method to the biomechanical specifications
of the wrist, as well as to determine the efficacy of actively cooled TCAs in wearable devices. To
accomplish this objective, four secondary objectives have been defined as follows:
1. A kinematic model of a wrist needs to be developed in order to evaluate the movement,
independent of applied forces, and must also take into account the anatomical constraints
of the biological system. This will provide mathematical connections between the angular
position, velocity, and acceleration of the wrist with the linear displacement of the TCA.
2. A kinetic model must then be developed in order to include the internal forces produced by
the TCA and the external forces caused by gravity or environmental disturbances.
3. Evaluate the required heating power and cooling pressure based on open loop analysis of
a single TCA strand. This information will make it possible to rationalize the operating
conditions used in this study, while also justifying the feasibility of TCAs in wearable devices.
4. The development of a numerical model must be developed and validated on a real world
system. This includes the development of a reliable control system and an accurate forward
dynamics model of the plant. The ultimate goal of this objective is to provide a valid
numerical representation of the system such that future researchers can ask the question,
“What would happen if?” Only through such modeling are we able to make predictions that
would otherwise require unsafe or arduous human experiments.
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Figure 6.1: Wrist extension orthosis. Design of a possible wrist extension orthosis using multiple
parallel TCAs for actuation and pressurized air for controlled convective cooling.

6.2

System Modeling

Figure 6.1 provides a graphical representation of a 1 DOF wrist brace, where the TCAs are expected
to be situated along the forearm and anchored at the wrist and hand to provide a moment arm
about the axis of rotation (AOR). Figure 6.2a shows the simplified model of the wrist with 1
DOF, where x0 and x are the initial length and displacement of the TCA, respectively. Figure
6.2b represents the wrist, hand, and brace as a single DOF joint rotating about the AOR. In this
model, q is the primary wrist angle, lw and lh are the distance to the wrist and hand, respectively,
hw and hh are the height of the wrist and hand, respectively, and Lm is the distance to the center
of mass. The angles , , and , and the lengths rw and rh are supporting variables meant to help
simplify the equations throughout this section.

6.2.1

Anthropometry of the Hand and Forearm

In order to choose appropriate dimensions for the model, multiple sources from the literature
were quantified to obtain conservative design constraints relating to the ROM and minimum force
requirements. Gates et al.determined that the ROM of the wrist during ADLs was limited to 40
extension and 38 flexion1 [96], while the deLeva-Zatsiorsky body segment parameter data were
used to determine the anatomical dimensions and mass of the hand (Mhand ) for the average male
1
The axis of rotation is defined as the transverse axis passing through the radial and ulnar styloid processes,
also known as the stylion, measured from the frontal plane of the forearm.
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(a)

(b)

Figure 6.2: a) Simplified TCA wrist model. Simplified diagram of the TCA wrist model, where
Ftca is the force generated by the TCA, Fg is the force of the hand due to gravity, and x0 and x
are the initial length and displacement of the TCA, respectively. b) Free-body diagram of TCA
wrist model. Complete free body diagram of TCA wrist model where q is the primary wrist angle,
and lw , lh , hw , and hh are the distance to the wrist and hand, and height of the wrist and hand,
respectively, and Lm is the distance to the center of mass. The angles , , and , and the lengths
rw and rh are supporting characters for the equations throughout this section.
and female, where Mhand was calculated as 0.61% of the total body mass, Mtotal [95]. Combining
the ROM with the mass data, the dimensions of the wrist brace can be chosen such that the ROM
and force requirements are met by the kinematic model.
Table 6.1 provides the performance and anatomical constraints for the average male and female.
It was decided that the design constraints for this study should be based o↵ the dimensions
and mass of the average male, since with larger structural properties, this would provide a more
conservative requirement for the force and strain. Based on these data, the maximum TCA length
was set to 200 mm (fully extended), in order to be situated well within the boundaries of the
forearm.
Based on a study by Haines et al., the maximum force output from a TCA made from silverplated nylon 6,6 thread should not exceed 35 MPa (normalized to the nominal thread diameter),
and the strain should not exceed 20% [45]. The thread used in this study has a nominal diameter
of 200 µm, which is e↵ectively double to 400 µm after plying2 , therefore a 35 MPa load equates to
a force of 4.4 N. Therefore, for the purposes of this study this force constraint was conservatively
reduced to 3.5 N in order to provide a factor of safety. Additionally, the literature provides a wide
range of safe operating strains for the TCA ranging from 11.5% [71] to 20% [45]; hence, a 15%
2
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Table 6.1: Design constraints of the wrist model [35, 95, 96, 100].
Parameter
Forearm Length
Hand Length
Lm
Mtotal
Mhand
Maximum Torque
Bandwidth

Male Female
266.9
262.4
189.9
172.0
70.09
60.23
73.00
61.9
0.45
0.35
38,+40
0.35
1.0

Units
mm
mm
mm
kg
kg
degrees
Nm
Hz

strain limitation was imposed during the design parameter calculation process, giving a maximum
displacement of 25 mm for a resting length of 175 mm.
In order to simplify the validation process, this study was conducted based on the force capabilities of a single TCA with the assumption that the force output scales linearly with additional
parallel TCAs. Therefore, for a 445 g hand mass, the design parameters describing the anchor
locations and heights were chosen so that a minimum number of parallel TCAs could be implemented to lift the hand against gravity without exceeding a maximum force output of 3.5 N, and
maximum strain of 25 mm.

6.2.2

Kinematic Model

Similar to biological joints, the insertion point of the cable tendon used to actuate the 1 DOF
wrist model is o↵set from the AOR resulting in a moment arm length—that is the length of a line
normal to the cable connected to the TCA passing through the joint center—that changes with the
joint angle [50]. Because of this, every possible combination of the distance (lw and lh ) and height
(hw and hh ) of the anchor points from the AOR will have a unique force–length profile, resulting
in a non-trivial solution. Based on this property, numerical methods were used to evaluate the
force and strain profiles over a finite range of values in order to choose the design variables, lw ,
lh , hw , and hh , based on the linearity of the curves, and to ensure that the required displacement
force of the TCA would be limited to the safe operating conditions mentioned above for all wrist
positions between full flexion (q =

38 ) and full extension (q = 40 ). Equation 6.1 was used to
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compute the required force, where the height (h) and width (w) of the cable attachment point
on the hand anchor relative to the AOR are represented by Eq. 6.2, and the pitch angle ( ) of
the cable relative to the wrist anchor can be computed using Eq. 6.3. Additionally, Eq. 6.4 can
be used to identify the length of the cable between the wrist and hand anchor points, where the
variables rw , rh , , and , can be computed using basic trigonometric identities to yield Eqs. 6.5
and 6.6, respectively.
Ftca =

Fg L m
hcos( ) + wsin( )

h = hh cos(q) + lh sin(q)

= tan

Lc =

rw =

= tan

✓

w = hh sin(q)

hh cos(q) + lh sin(q) hw
hh sin(q) lh cos(q) + lw

q
2 + r2
rw
h

p
2 + h2
lw
w

1

1

✓

hw
lw

◆

(6.1)

lh cos(q)

◆

2rw rh cos(⇡

(6.3)

q)

rh =

(6.2)

(6.4)

q
lh2 + h2h

(6.5)

✓

(6.6)

= tan

1

hh
lh

◆

MATLAB3 was used to produce the plots in Fig. 6.3, which reveal the force and strain requirements for various combinations of design variable placements ranging from 10 to 30 mm. Figures
6.3a, 6.3b, 6.3c, and 6.3d show Ftca over the wrist ROM for slight changes in each design variable
lw , lh , hw , and hh , respectively. The arrows on each plot indicate the direction of increasing value
3

The Math Works, Inc. MATLAB. Version 2020a, The Math Works, Inc., 2020. Computer Software.
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(a) Varying lw from 10 to 30 mm.

(b) Varying lh from 10 to 30 mm.

(c) Varying hw from 10 to 30 mm.

(d) Varying hh from 10 to 30 mm.

Figure 6.3: Force vs. position plot while varying the design parameters. Output forces required
for the TCA over the wrist ROM when varying the design variables lw , lh , hw , and hh .
of the specified design variable from 10 mm to 30 mm in 2 mm increments, resulting in 11 curves
for each plot. Additionally, Fig. 6.4a shows

Lc over the variation range of the design variables,

lw , lh , hw , and hh , as they vary from 10 mm to 30 mm, while Fig. 6.4b shows the finalized force
profile for the complete ROM.
Table 6.2 lists the final configuration values along with the required displacement ( Lc ) and
the force range measured from the plot in Fig. 6.4b, which shows the final force–position curve. It
is important to note that the force profiles of lw and hw provided higher degrees of non-linearities
at values producing lower maximum force output, so an arbitrary middle ground was found as a
result. Furthermore, hh was chosen to have a slightly smaller length than 30 mm even though it
increased the maximum force output, since in reality, a higher anchor point on the hand would
diminish comfort and wearability. Additionally, due to a lack of anatomical data found in the
literature for the thickness of the wrist and hand, 30 mm was assumed, hence the parameters hw
and hh were chosen to be greater than the distance from the AOR to the surface of the skin, or
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(a)

(b)

Figure 6.4: Plots of the required displacement for each anchor location, and the finalized force
profile of the wrist extension design. On the left is the required TCA displacement to enable full
wrist ROM for each variation of anchor placement settings, where the x axis is the position (in
mm) of each design variable relative to the main axis of rotation of the wrist joint. On the right
is force vs. position profile of the wrist extension design after finalizing the anchor locations.
Table 6.2: Finalized values for the system design variables.
Distance to Wrist Anchor (lw )
Distance to Hand Anchor (lh )
Height of Wrist Anchor (hw )
Height of Hand Anchor (hh )
Length to Center of Mass (Lm )
Maximum displacement ( Lc )
Maximum Ftca
Minimum Ftca

20 mm
10 mm
15 mm
20 mm
70 mm
24.7 mm
3.329 N (full flexion)
1.798 N (full extension)

15 mm.

6.2.3

Kinetic Model

By referring to Figs. 6.2a and 6.2b, the motion dynamics model was derived by viewing the
hand and TCA as opposing torques rotating about the AOR. Equation 6.7 describes the torque
generated from the hand (⌧h ), where I is the moment of inertia of the hand represented by Eq.
6.8, q̈ is the angular acceleration, Fg is force of the hand due to gravity represented by Eq. 6.9,
Lm is the distance to the center of mass of the hand from the AOR, and m is the point mass of the
hand [102]. Equation 6.10 describes the opposing torque generated by the TCA (⌧tca ) as a force
vector acting in the direction of the tendon cable at a distance, lh .
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⌧h = I q̈ + Fg Lm cos(q)

(6.7)

I = mL2m

(6.8)

Fg = mg

(6.9)

⌧tca = hFtca cos( ) + wFtca sin( )

(6.10)

Equating ⌧h and ⌧tca and solving for Ftca and q̈ yields Eqs. 6.11 and 6.12, respectively. Accordingly, these equations can be used to find the force seen by the TCA for any given q and q̈, or
the angular acceleration of the hand for any given q and Ftca , respectively.

Ftca =

q̈ =

I q̈ + Fg Lm cos(q)
hcos(q) + wsin(q)

Ftca (hcos( ) + wsincos( ))
I

Fg Lm cos(q)

(6.11)

(6.12)

The force generated by the TCA has commonly been modeled as a modified Hill Model containing a parallel spring-mass-damper system with a contractile element [82, 98, 103, 104]. As
illustrated in Fig. 6.5, k, b, and c, are the spring sti↵ness, damping coefficient, and thermomechanical constant, respectively, and ✓ is the thermal potential—i.e., the di↵erence between the
temperature of the TCA and its environment (Eq. 6.14).
The spring sti↵ness contains a complex relationship with the temperature and position, where
an increase in temperature causes a decrease in sti↵ness, while a decrease in length causes a drastic
increase in sti↵ness as the coils of the TCA begin to contact [45]. This complex property has been
ignored in the past by researchers who instead relied on feedback control to compensate for the
errors associated with this approximation ([82], [98]). Although, the scope of this study does not
include the detailed modeling of the sti↵ness, the control system used during the validation pro-

6.2 System Modeling

101

Figure 6.5: Modified Hill Model of the TCA. Mechanical model of the TCA where the coefficients
k, b, and c, are the spring sti↵ness, damping coefficient, and thermal force coefficient, respectively
[50].
cedure will be evaluated based on constant sti↵ness, and a linearized version k will be empirically
determined from the results in order to provide greater stability. Therefore, Eq. 6.13 describes Ftca
as a function of the above-mentioned properties where the damping coefficient, b, is represented by
Eq. 6.15 as a function of the mass (m), the damping factor (⇣), the sti↵ness (k), and the natural
frequency (!n ) ([102]), and where k is described as an unknown function of Ttca and the strain in
terms of the linear displacement of the TCA (x), or the angular displacement of the wrist (q).

Ftca = bẋ + k(T, x) + c✓

✓ = Ttca

T1

p
b = 2m⇣!n = 2⇣ km

(6.13)

(6.14)

(6.15)
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Figure 6.6: General overview of the thermal model of the TCA on a wearable device. Thermal
model of the TCA with an insulating layer and a human skin/fat layer where D is the internal tube
diameter, Lt is the tube wall thickness, Lin is the insulation thickness, Lsf is the skin/fat thickness,
T1 is the ambient temperature, Ts is the skin temperature, Ti is the internal body temperature,
ksf is the skin fat thermal resistance, and kin is the insulation thermal resistance.

6.2.4

Thermodynamic Model

In a real-world application such as a wearable device, it is important to consider external factors to
the main components of the primary thermal system. Components such as the insulating layer and
skin/fat layer contain thermal capacitive and resistive properties, and can be modeled as a constant
heat source when considering the biological regulation of internal body temperature. Figure 10
provides a generalized overview of the system if the TCA were embedded into a wearable device
with an insulating layer such as clothing or protective fabric, where D is the internal tube diameter,
Lt is the tube wall thickness, Lin is the insulation thickness, Lsf is the skin/fat thickness, Ts is the
skin temperature, Ti is the internal body temperature, ksf is the skin fat thermal resistance, and
kin is the insulation thermal resistance.
The insulation and biological layers are important elements in a wearable device since they
can significantly add to the thermal resistive and capacitive properties. Despite this, in order
to simplify the validation methods of this study, they were excluded, however, subsequent studies
could improve the thermal model by including the thermal characteristics of the biological elements
as well as exploring various insulating materials and their geometry. Accordingly, the equivalent
circuit diagram of the actively cooled TCA has been simplified in two ways as shown in Fig. 6.7.
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(a)

(b)

Figure 6.7: Detailed and simplified equivalent thermal schematic of the actively cooled TCA. The
schematic on the right includes the thermal resistance between the TCA and inner tube wall, Rgap ,
the tube wall thermal resistance, Rwall , the thermal resistance seen by the outer tube wall, R1 ,
the thermal resistance contributed from forced convection, Rconv , the total thermal capacitance
of the TCA, Ctca , the thermal potential between the TCA (Ttca ) and ambient air (T1 ), ✓tca , the
electrical heating power, Pin , and the fractional state of the cooling phase, f . The schematic on
the left simplifies Rgap , Rwall , R1 into a single thermal resistance term to represent the natural
convection, Rnat , which can be combined with Rconv to represent the total thermal resistance of
the system, Rt .
The first was by eliminating the biological components as described above, resulting in Fig. 6.7a,
where Rconv is the forced convective cooling thermal resistance, Rgap is thermal resistance between
the TCA and the inner tube wall, Rwall is the tube wall thermal resistance, R1 is the thermal
resistance seen by the outer tube wall, Ctca is the total thermal capacitance of the TCA body, ✓tca
is the thermal potential of the TCA, Pin is the electrical heating power, and f is the fractional state
of the forced convection. The second simplification was by combining the resistive components
into a natural convection component (Rnat ), and representing those two components as a total
thermal resistance (Rt ), as seen in Fig. 6.7b. The state of the forced convection is shown as a
binary switch in the thermal schematic, which reflects the binary operation of the solenoid valve
that will be used in this study. In theory this term represents a fractional state of the forced
convection that could vary as a fraction between 0 and 1, and could be realized if a method for
varying the forced air is utilized.
Based on these models, Eq. 6.16 provides the solution to the parallel resistors and forced
convection state contained in Rt , where the forced convection state is equal to 1 during the cooling
phase, or 0 during the heating phase. The values for Rconv and Rnat can be found using the steady
state heat equation represented in Eq. 6.17, by heating the TCA with a known constant input
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power and measuring the steady state temperature. Finally, Eq. 6.18 represents the state of TCA
thermal potential in the time domain, where the time constant, ⌧ , is the product of Ct and Rt as
in Eq. 6.19 [77].
Rnat Rconv
f Rnat + Rconv

(6.16)

T1 = ✓ss = Pin Rt

(6.17)

Rt =

Tss

✓ = ✓i e

t/⌧

+ Pin Rt (1

e

t/⌧

)

⌧ = Ctca Rt

6.2.5

(6.18)

(6.19)

Control Model

The thermal model described above contains linearized equations of a highly nonlinear system,
however, combining this with the kinematic and dynamic model creates a highly nonlinear system
that requires special techniques to obtain an analytical solution. When designing a control model
of a system, it is usually ideal to develop a state space model of the linearized system. Nevertheless, as in most nonlinear systems, numerical simulations can be used to study the behaviour of
systems whose mathematical models are too complex to provide analytical solutions. Using the
characteristic equations described in kinematic, motion dynamics, and thermodynamics models
above, the forward dynamics of the system were derived in order to create a numerical model
of the thermomechanical system. The same equations were used to develop an inverse dynamics
controller that can predict the required heating power and forced convection state of the system.
The MATLAB Simulink environment was used for this study in order to tune the inverse dynamics
controller and adjust model parameters. Figure 6.8 shows the simplified control block diagram of
the system where,
qd and qs are the desired and sensed position of the wrist angle, respectively,
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Figure 6.8: Inverse control block diagram. Here, qd and qs are the desired and sensed position
of the wrist angle, respectively, q̇s is the sensed angular velocity of the wrist, Kp and Kv are the
position and velocity gains, respectively, aq is the computed acceleration input, f is the cooling
command, P is the heating power input, V is the voltage input, R is the electrical resistance of
the TCA, Is is the sensed current of the TCA, wD is the disturbance to the plant, wN is the sensor
noise,and ✓s and ✓ˆ are the sensed and estimated thermal potential, respectively.
!n is the natural frequency gain,
Kp and Kv are the position and velocity gains, respectively,
aq is the computed acceleration input,
f is the cooling command,
P is the heating power input,
V is the voltage input,
R is the electrical resistance of the TCA,
Is is the sensed current of the TCA,
wD is the disturbance to the plant,
wN is the sensor noise, and
✓s and ✓ˆ are the sensed and estimated thermal potential, respectively.
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Equation 6.20 is represented by the error block (⌃) and shows how Kp and Kv are used to
calculate the new acceleration input to the system. Since the system is expected to have second
order characteristics, a critically damped response requires Kp and Kv to be derived from the
natural frequency as !n2 and 2!n , respectively [105]. In this way the, !n e↵ectively acts as a single
tunable gain for the controller. Appendix D provides details about the implementation of the
control system into Simulink along with code used to generate the results in the final section of
this chapter.

aq = q̈d + Kv (q̇d

q̇) + Kp (qd

q)

(6.20)

Since the thermal model by itself was previously linearized by Eq. 6.18, the noise from the
temperature readings was attenuated using a Kalman Filter, as shown in Fig. 6.8. Details of the
Kalman Filter design can be found in Appendix D. The wrist angle, q, and its derivatives were
not included in the state estimation design due to the non-linearities discussed above, however, in
order to eliminate the need for high computational-cost low pass filters, a high-precision absolute
magnetic encoder was used to provide digital feedback, and a small windowing average was used.
Figure 6.9 shows the flow logic used to compute the inverse dynamics in both the Simulink
model and microcontroller during experimental validation. One important aspect about this control method is that the cooling and the heating can be on simultaneously to produce a proportional
cooling state. This occurs when the first flow block to compute the input power, assuming a thermal resistance of Rheat , results in a negative input power. The control automatically switches the
fan on and computes the required power to produce the desired temperature di↵erential with a
thermal resistance of Rcool .
With the characteristic equations and control system known, the models now need to be implemented on a real system in order to provide proper validation. Hence, the following section will
outline the design and development of the hardware required to reliably implement the control
system described so far.
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Read Input Commands

Obtain new acceleration input

Solve spring stiffness using current position and temperature

Solve for TCA displacement using current position

Solve for required TCA force

Solve for required thermal potential

Solve for input power without cooling

Use input power
without cooling

Recalculate input
power with cooling

TCA Controller
Deactivate cooling

Activate cooling

Figure 6.9: Flow chart of the inverse dynamics controller.

6.3

Hardware Design and Development

The experimental validation of this study required the fabrication of TCAs, the design and development of a reliable temperature sensor, and the development of a joule heating control circuit.

6.3.1

TCA Fabrication

Similar Chapter 5, the TCAs used for this study were fabricated using the methods outlined in
Appendix C. Since the desired trained and loaded length of the TCA for this study was previously
defined to be 200 mm at 15% strain, then the unloaded length should be approximately 175 mm,
and due to plastic deformation caused during the training process, the untrained resting length
should be shorter. To find the correct length of the untrained and unloaded TCA, the fabrication
process was adjusted until a repeatable solution was found. Thus, the final procedure used an
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untrained, unloaded TCA with a length of 155 mm, initially twisting it using a 160 g mass.

6.3.2

Temperature Sensor Design and Fabrication

Since previous attempts to record the transient thermal response of the TCA within the cooling
apparatus were observed to be inaccurate with existing measurement devices, the purpose of this
section is to a design a more robust and reliable sensor. Resistive temperature detectors (RTDs)
utilize the small electrical resistance changes of metal wires, which are known to be highly linear
and repeatable in the temperature range required for TCA actuation [106]. The RTD method
is an ideal candidate for TCA thermal sensing since the length, diameter, and metallic base can
be chosen to balance the desired robustness and response time. Furthermore, the RTD can be
made long enough to wrap around the thin TCA body, which would provide high stability during
pressurized air cooled events and random external disturbances, as well as direct and large surface
area contact, as opposed to point-of-contact sensors such as thermocouples and thermistors, or
thermal cameras, which would be e↵ectively blocked by the tube walls.
The operating principle of RTDs is based on a known physical property of metals called the
temperature coefficient of resistance (↵), which describes the fractional change in resistance in
proportion to a change in temperature and is unique for every type of metal [106]. Equation 6.21
represents the governing equation for determining the resistance of a wire at a given temperature,
which can be rearranged to solve for the resistance, in Eq. 6.22, or temperature, in Eq. 6.23, when
the remaining parameters are known. Furthermore, Eq. 6.24 describes the total resistance of a
wire with known length, diameter and resistivity.
R
=↵ T
R0

R = R0 [1 + ↵(T

T =

(6.21)

T0 )]

R R0
+ T0
↵R0

(6.22)

(6.23)
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where,
R is the resistance change from R0 to R, in [⌦],
T is the temperature change from T0 to T , in [ C],
T is the temperature at resistance R, in [ C],
T0 is the reference temperature at resistance R0 , in [ C],
R is the resistance at temperature T , in [⌦],
R0 is the reference resistance at temperature T0 , in [⌦], and
↵ is the temperature coefficient of resistance, in [ C

R0 =

1 ].

⇢L
4⇢L
=
A
⇡d2

(6.24)

where,
⇢ is the resistivity at 20 C, in [⌦ · m],
L is the length of the wire, in [m],
A is the cross-sectional area of the wire, in [mm2 ], and
d is the diameter of the wire, in [mm].
The choice of the length and diameter of the wire, as well as the type of metal can be chosen
based on the e↵ects of each on the relevant performance characteristics: the response time, and
the signal-to-noise ratio (SNR).
The response time refers to the thermal time constant, ⌧ , which should be reduced enough in
order to provide a quick reaction to temperature fluctuations of the target body. Equation 5.8 can
be applied to the RTD wire to compute the thermal time constant, where by substituting Eqs. 5.5
and 5.3 into 5.8, we see that ⌧ / V /A, or simply ⌧ / d. Therefore, a reduction in diameter alone,
will produce a faster response time.
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Table 6.3: List of common wiring metals and their electrical resistance properties.
Metal
Nickel
Copper
Silver
Gold
To increase the SNR,
that

↵ (10

3)

[ C
5.87
3.93
3.82
3.72

1]

⇢ (10

8)

[⌦ · m]
6.99
1.68
1.59
2.44

R should be maximized for the desired

T . We can see from Eq. 6.21

R / R0 ↵, and from Eq. 6.24 that R0 / L/d2 , hence the SNR can be improved by choosing

a metal with large ↵ and ⇢, and by increasing the length and diameter as much as possible. Table
6.3 shows ↵ values for common wiring metals in descending order and their corresponding electrical
resistivity. Although it is clear that Nickel would be the best choice since it provides a larger initial
resistance due to its high ⇢, and large resistance fluctuations due to its large ↵, it was difficult to
acquire for this study. Thus copper was chosen since it can be easily obtained in the form of a
coated magnet wire at low cost, and can be purchased a large variety of diameters. The enamel
coating used in magnet wires is important for the successful operation of the RTD sensor, since it
provides electrical insulation and tolerance to temperatures well above the operating range of the
TCA.
In summary, improvement of the response time and SNR come from a reduction in wire diameter and an increase in ↵, ⇢, and length. However, it should be noted that although a decrease
in diameter improves the SNR, the fragility of the wire should also be considered. Furthermore,
the length is also a considerable factor and should be reduced so that it does not constrain the
motion of the TCA. For this study, a 38 AWG diameter coated magnet copper wire was used,
and lengths between 200 and 300 mm were tested since they provided a good balance between
SNR and mobility. Future research should explore smaller gauge wires and either full nickel or a
nickel-copper alloy as the base metal. The remainder of this section provides details on the design
of the RTD measurement circuitry and tuning methods.
From Eqs. 6.21 and 6.24, we can see that for even an arbitrarily long wire length of 250
mm and an assumed temperature range of 100 C, the total change of resistance for a 38 AWG
(0.1016 mm diameter) copper wire (⇢ = 0.0171) is approximately 0.2 ⌦. In order to detect
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Figure 6.10: Electrical schematic of the RTD amplification circuit. Shows the Wheatstone Bridge
(WSB) configuration and instrumentation amplifier, where Rb , Rm , Rrtd , Rg , and Rf , represent
the values for the WSB balance resistors, the WSB matching resistor, the RTD resistance, the
instrumentation amplifier gain resistor, and the RC low-pass filter resistor, respectively, and Vcc ,
Vin , and Vin+ , represent the operating voltage, and the negative and positive inputs for the instrumentation amplifier, respectively, and Cf represents the RC low-pass filter capacitance.
these small changes using a conventional 3.3 V source from a microcontroller, an amplification
circuit was developed using a high precision, large gain instrumentation amplifier (INA118U).
Figure 6.10 shows the schematic of a typical Wheatstone Bridge (WSB) configuration used to
detect small voltage fluctuations produced by the RTD and subsequently pass them through the
instrumentation amplifier, and finally though a low pass RC filter to remove any high frequency
noise. Here, Rb represents the balance resistors for the WSB, Rrtd represents the RTD resistance
value, Rm represents the matching resistor, and Rg is the instrumentation amplifier selectable gain
resistor.
The microcontroller used in this study uses a 3.3 V power source, hence, the excitation voltage
was chosen to operate at the same level for simplicity. Using the above information, a suitable
gain and wire length were determined using the appropriate electric circuit equations. Since the
last design parameter to be selected was the length of the wire, which needed to be maximized to
produce a better SNR, it was observed that the noise due to motion artifacts created by the axial
motion of the TCA was more prevalent for longer lengths and could inhibit the movement of the
TCA. Furthermore, making the wire too short required larger gains, which in turn scaled up the
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Figure 6.11: Temperature vs. time for RTD calibration. Measuring the rise time and steady state
temperature for calculating the time constant and sensitivity of the RTD sensor, where ⌧ is the
measured time constant of the RTD.
noise as well. Nevertheless, based on the observed noise levels and SNR measurements of various
tests, a length of 300 mm and a gain of 2000 were chosen moving forward.
The RTD was assumed to have a linear relationship with the temperature, so both the time
constant and sensitivity could be measured by a single test that involved a quick transition between
two known absolute temperatures. Linear regression can then be used to determine the sensitivity
and o↵set of the RTD, while the rise time can be determined by measuring the time required to
reach 63.2% of its final temperature from its initial temperature.
Hot water was used as the transitioning medium, while the absolute temperatures were determined using an Agilent U1272 multimeter, which uses a K-type thermocouple with a precision
of 0.1 C and an accuracy of 2 C. The accuracy was also explored by conducting these trials on
three 300 mm RTD sensors. Figure 6.11 shows the plots of all three trials, which were sampled
at 1000 Hz, and Table 3 provides their sensitivities and time constants, along with the standard
deviation ( ). It should be noted that the o↵set in the three curves was due to the temperature
increase starting at di↵erent times, which did not a↵ect the time constant measurement, and was
intentionally unaltered to improve the readability of the plot.
Please note that the testing was not performed while the water was boiling, so the steady state
temperatures varied between tests. These inconsistent steady state values did not a↵ect the results,
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Table 6.4: Results from the RTD calibration and time constant measurement tests, where µ is the
mean, and is the standard deviation.
RTD
1
2
3
µ

(a)

C/Step (10 3 )
45.3
45.3
45.0
45.2
0.17 (0.38%)

(b)

⌧ (ms)
27
24
26
25.7
1.53 (5.95%)

(c)

(d)

Figure 6.12: RTD Fabrication. a) Before and after twisting RTD wire (38 AWG enameled copper)
around the TCA body. b) Adding thermal grease to the RTD sensor to improve thermal conductivity. c) Close-up view of the 3D printed anchor used to secure the RTD to the stationary end of
the TCA. d) Close-up view of the RTD sensor before and after applying thermal grease.
since the absolute temperature of the water was constantly monitored and recorded. Nevertheless,
future work should consider calibration procedures that provide a reliable environment between
trials.
6.3.2.1

RTD Embedding Process

Figure 6.12 details the process for attaching the RTD to the TCA body. The RTD was fixed
approximated 35 mm from the stationary end of the TCA allowing it to be situated directly inside
the cooling tube, as will be discussed in the following sections. A custom 3D printed part was
used to secure the lead wires to the head of the TCA, and thermal grease was applied to improve
thermal conductivity with the TCA body.
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Power Regulation Design

When controlling the TCA temperature for a desired force output, joule heating by modulating a
voltage input is a simple and reliable method that a majority of previous research has employed
[53, 62]. Equation 3.4 shows that the heat produced from an electrical input is equal to the total
power, which is dependent on the resistive load of the system. Therefore, we would expect a
constant power draw for a given load resistance, based on Ohm’s Law. However, it is well known
that the electrical resistance of TCAs exhibits non-linearities when varying both the temperature
and strain, which can cause significant fluctuations in heating power if not taken into account.
Figure 6.13a shows the variation in the electrical resistance of a 100 mm long TCA conducted
during early trials. The trial was conducted for displacements of 0–15 mm from the resting state,
and for temperatures between 32 and 50 C. The minimum and maximum resistance values were
3.05 and 5.76 ⌦, which equates to a 53% di↵erence. To illustrate this from a more practical
standpoint, Fig. 6.13b shows the resistance of a 200 mm TCA being heated with a constant
voltage while loaded with a constant mass. The plot demonstrates that, without power regulation,
the resistance is significantly a↵ected by the strain and temperature, resulting in non-linear heating
power.
Therefore, in order to ensure a stable inverse dynamics control system, an internal control loop
was developed to regulate the commanded input power. By tracking and regulating the heating
power, the non-linearities associated with the electrical resistance of the TCA can be ignored in
the control system model.
Since power is the product of voltage and current, regulating a PWM command can be accomplished if both the input voltage and current can be measured. Additionally, although, the
electrical resistance of the TCA is also related, it would be difficult to measure using basic techniques like a voltage divider, since it would require a resistor in series with the TCA, which would
produce an undesirable power loss.
The correct input voltage was determined based on the resistance for the 200 mm TCAs used
in this study, which was 11.5 ⌦. Therefore, a voltage input was chosen such that a power input
of at least 30 W could be applied across the TCA of 11.5 ⌦ resistance. Using Ohm’s Law, this
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(b)

Figure 6.13: TCA electrical resistance fluctuations. a) Plots of the TCA electrical resistance with
variations in temperature and displacement. b) E↵ect of constant voltage control on TCA electrical
resistance.
delivered an approximate value of 18.5 V; therefore, a 20 V input was used.
It was decided for this study that the PWM signal would be controlled without filtering—as
opposed to a conventional DC-DC buck converter, which uses inductors and capacitors to smooth
the signal. This allows the power to be tracked and regulated at the highest possible rate and
monitor the TCAs resistance as long as there is a non-zero current passing through the TCA. In
this way, the current waveform mirroring the square wave produced by the PWM signal generator
allowed the microcontroller to record the signal multiple times per period and multiply the peak
value by the duty cycle.
In order to find the required sampling time and bu↵er size, various aspects of the hardware
and software were considered, such as the sampling rate of the microcontroller, the resolution and
sampling rate of the ADC, and the resolution and frequency limitations of the PWM generator.
The current sensor and ADC used in this design were the ACS7033 and AD7490, respectively. The
current sensor uses a magneto-resistive element to provide non-intrusive current measurements and
high sampling speeds, and produces an analog output signal to be measured by the ADC at a 12bit resolution. The PWM signal was driven by an LED driver IC (PCA9685), which can produce
a 12-bit PWM signal with frequencies between 25 Hz and 1500 Hz. Finally, the fastest sampling
rate for the microcontroller to measure all sensors and output controls to the PWM generator was
observed to be approximately 250 µs, so a sampling period of 300 µs was chosen.
Since the PWM generator has a resolution of 4096 steps, it would be ideal to record 4096
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Figure 6.14: Electrical schematic of PWM driver. The high-side TCA driving circuit and current
sensor (ACS7033). Also shown is the representation of the TCA as a resistor and the placement
of the RTD sensor.
samples per period in order to provide measurements down to the lowest duty cycle of 0.024%
(1/4096). However, even the lowest frequency of 25 Hz, produces a 40 ms sampling period, which
would require a sampling period of approximately 10 µs. Since the microcontroller has a minimum
loop time of 300 µs, the sampling window was reduced to 128 samples, which allows the current
sensor to reliably sense current at duty cycles as low as 0.78% (1/128).
Figure 6.14 shows the final schematic of the current sensing and high side switching circuit
required for high power PWM signals. An RC low-pass filter (Rf and Cf ) with a 160 Hz cut-o↵
frequency was implemented at the output of the current sensor in order to provide improved stability. The arrow labeled “WSB” identifies the signal traveling to the Wheatstone bridge described
in the previous section, and Vi indicates the filtered signal from the current sensor.

6.3.4

Control Hardware

Two custom printed circuit boards (PCBs) were created to house the RTD and PWM driver
circuitry described above. Figure 6.15 shows the TCA Unit (TCAU), which contains the high-side
switching circuit, the current sensor, and the RTD amplification circuitry as illustrated in Figs.
6.10 and 6.14.
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(b)

Figure 6.15: TCA Unit (TCAU) PCB front and isometric view.

Figure 6.16: TCA Motherboard (TCAM) isometric view.
Figure 6.16 shows the TCA Motherboard (TCAM), which was developed to incorporate the
PWM switching circuitry, RTD sensing, and current sensing, as this will provide full control of
the heating power, strain sensing, and temperature sensing of the TCA. The AD7490 ADC is
responsible for receiving the current and RTD signals, while the PCA9685 PWM Driver is used to
command the 25 Hz duty cycle to the PWM pin of each TCAU. The TCAM can provide control
for up to 8 TCAUs, which was a limit imposed by the number of channels provided by the ADC.
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Experimental Setups

This section will outline two separate experimental setups used for this study. The simplified
motion dynamics apparatus (SMDA) was constructed in order to improve the accuracy during
system identification of the spring sti↵ness and damping factor, as discussed in the following
section. The primary setup comprised of the complex motion dynamic apparatus (CMDA), and was
used to validate the simulation results and test the e↵ectiveness of the inverse dynamics controller.
Additionally, the CMDA was used for system identification of the thermal characteristics, since
the thermal response can be a↵ected by the dimensions and properties of the environment.

6.4.1

Simplified Motion Dynamics Apparatus (SMDA)

The SMDA shown in Fig. 6.17 was designed to produce a heating and cooling square wave at
commanded frequencies across the TCA, while logging the temperature, displacement, and power
consumption. The square wave was generated using an Atmega 2560 microcontroller and two
N-channel MOSFETs connected to a 30V/5A power supply and a 24 V solenoid valve, which was
connected to a 0–120 psi regulated air supply. The temperature was measured using a K-type
thermocouple and a MAX31855 thermocouple amplifier module with 0.25 C accuracy, where a
small drop of thermal paste was applied to improve thermodynamic coupling4 . The displacement
was measured using a 12-bit contactless absolute magnetic encoder connected to a 20 mm diameter
pulley, delivering an accuracy of ±0.015 mm5 . To measure the voltage, current, resistance, and
power consumption of the TCA during heating, an INA219b power sensor was used, which has a
current measurement accuracy of ±0.8 mA.
The TCA mount assembly shown in Figure 6.18, was designed to anchor one end of the TCA
to the testing apparatus, while securing the thermocouple to the surface of the TCA, and the air
inlet tube to the cooling apparatus. The tube enclosing the TCA is made from PVC plastic tubing
with a 4 mm inner diameter and 1 mm thickness6 .

4

Arctic silver 5, high-density polysynthetic silver thermal compound.
Contactless absolute magnetic encoder, 12-bit, PN: AEAT-6012.
6
www.mcmaster.com, PN: 5186T13
5
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Figure 6.17: Simplified motion dynamics apparatus. Experimental apparatus for measuring
the frequency response of a single TCA with
active air cooling using pressurized air.

Figure 6.18: Cross-section of mount assembly.
Mount assembly for the frequency response apparatus, which provides an air inlet for pressurized air flow, while allowing a thermocouple to
be securely mounted onto the TCA.

Figure 6.19: Complex Motion Dynamics Apparatus.

Figure 6.20: Side view of the wrist assembly.
Image shows the location of the 4 design variables of the wrist assembly.

6.4.2

Complex Motion Dynamics Apparatus

Figure 6.19 shows the CDMA, which consists of a wrist assembly (Fig. 6.20), air pressure regulator,
solenoid valve, the TCAM and TCAU, a dedicated ESP327 microcontroller for fast sampling of
the TCAM output data (Data MCU), a potentiometer (knob) for user commands, and another
ESP32 microcontroller for processing the inverse dynamics controller commands (Main MCU).
The wrist assembly shown in Fig. 6.20 contains various adjustable mechanisms in order to
7

www.espressif.com, PN: ESP32-WROOM-32E
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Table 6.5: List of the parts and their associated masses used to compute the total mass of the
simulated hand.
Part
Printed Parts
Bolts (⇥2)
Washers (⇥10)
Total

Mass (g)
13.0
7.0
54.8
74.8

Figure 6.21: Close-up view of the position of the RTD sensor and ground wire.
match the design variables discussed in the previous sections along with physical stoppers to set
limits on the maximum and minimum operating angles. The weight of the assembly was tuned
using washers to match the mass defined in the Section 6.2.2. Table 6.5 provides a breakdown of
the masses provided by each component of the wrist assembly.
The position of the RTD sensor can be seen in Figure 6.21 with and without the tube enclosure.
It has been secured to the TCA at a point that is fully enclosed within the tube enclosure.
Additionally, the ground wire is shown attached to the floating end of the TCA, which permits a
dual use of providing a closed loop for the heating power, and a mechanical attachment point for
the wrist tendon in order to apply the force to the wrist.

6.5

System Identification

The following sections will discuss the methods and results of the system identification relating to
the mechanical characteristics, k and ⇣, and c, and the thermal characteristics, Rcool , Rheat , and
Ct . Additionally, the final section presents the evaluation of the variance of the RTD sensor noise,
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which is required for proper thermal estimation with the Kalman filter.

6.5.1

Spring Sti↵ness

The procedure for measuring the spring sti↵ness, consisted of loading a TCA into the SMDA at
room temperature, attaching a 100, 200, and 300 g mass to the end of the TCA, measuring the
displacement, and using Eq. 6.25 to solve for k. During this procedure, a significant amount of
creep was observed, resulting in a range of calculated sti↵ness for each trial; hence the minimum
and maximum sti↵nesses were recorded. This process was repeated for five individual TCAs, and
the results can be seen in Table 6.6. It is important to note that it is well known that the spring
sti↵ness of the TCAs significantly changes throughout the operating temperature range, and is also
a↵ected largely by the coil-to-coil contact, which is related to the displacement. Since this test was
conducted at room temperature, it is not reflective of the complex multivariable characteristic of
TCAs in normal operating conditions. Therefore, the results of this characterization method were
used as a basis for the sti↵ness linearization methods outlined later in the procedure section.

k=

6.5.2

mg
x

(6.25)

Damping Factor

The damping factor, ⇣, is a constant property of the system, which can be measured from the
impulse response using the logarithmic decrement method described by Eq. 6.26 and Eq. 6.27,
where

is the logarithmic decrement, x(t) is the amplitude of the overshoot at time t, T is the

period length, x(t + nT ) is the overshoot of the peak n periods away, and n is any integer number
of successive, positive peaks [107].

⇣=p

=

4⇡ 2 +

2

1
x(t)
ln |
|
n
x(t + nT )

(6.26)

(6.27)

Using a 200 g mass as the load on the SMDA setup, an impulse was generated by stretching the
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Figure 6.22: Plot of one of the trials used to measure the damping factor, ⇣.
TCA and mass by approximately 20 mm (20% of the initial length) and quickly releasing the load.
The subsequent position data were recorded at 1000 Hz and analyzed using analyzing software.
Similar to the sti↵ness measurement procedure, this process was conducted on five separate TCAs,
and the results are shown in Table 6.6. Figure 6.22 shows a sample of the peaks acquired from the
analysis from one of the TCAs. It should be noted that the first and third peaks were used for the
logarithmic decrement, since it was observed that those peaks provided more consistency between
individual TCA samples. In conclusion the final value used for ⇣ was taken from the mean of the
five trials, which was 0.18.

6.5.3

Thermal Force Coefficient

The thermal force coefficient, c, was measured by finding the largest force to create a net zero
displacement for a known temperature change. To do this, the TCA was pre-tensioned on the
SMDA setup using a 100 g mass and the encoder position was zeroed at the settled position. Next,
the TCA was heated until it reached 100 C, at which point the TCA had accumulated a positive
displacement. Mass was then added until the encoder position output a net zero displacement, and
the final value of the mass was recorded. The thermal force coefficient was calculated by diving
the change in force by the change in temperature, where the change in temperature was the same
for all tests since the TCA was heated from room temperature (⇡24 C), to 100 C. This process
was repeated for five separate TCAs and the results can be seen in Table 6.6.
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Table 6.6: Results of the system identification procedure of the mechanical and thermal characteristics of the system, where µ is the mean value, and is the standard deviation.
TCA
1
2
3
4
5
µ

6.5.4

Min k [N/m] Max k [N/m]
159
187
154
185
145
182
154
192
156
174
153.6
184
168.8
17.0
10.1%

⇣
0.1747
0.1908
0.1690
0.1677
0.2011

c [N/ C]
0.034
0.030
0.037
0.033
0.028

0.1807

0.0326

0.0147
8.1%

0.00348
10.7%

Thermal Resistance and Capacitance

The thermal characteristics were identified using the CMDA since the di↵erent geometries of the
SMDA could a↵ect the heat transfer properties of the TCA. The procedure consisted of heating
the TCA at a set power input and recording the calibrated values from the RTD sensor at 1000
Hz sampling rate until a steady state temperature (Tss ) was achieved. The heating phase trials
were conducted with a 1 W heating power with cooling disabled. The cooling phase trials were
conducted with a 3 W power input while cooling was activated at 10 psi. The heating power was
increased for the cooling phase to improve accuracy since it was observed during early attempts
that Tss during cooling for a 1 W input only reached about 30 C while the heating phase was
achieving approximately 100 C. Raising the heating power to 3 W during cooling allowed the Tss
to achieve temperatures around 50 C. Similar to the mechanical characterization in the previous
section, this procedure was conducted on five individual TCAs in order to test the accuracy and
repeatability of the fabrication methods. Additionally, to further quantify the accuracy of the
RTD sensor, the thermal capacitance was measured for both the heating and cooling tests, since
this is a constant property of each TCA regardless of fabrication irregularities, and the expected
outcome should not di↵er.
Table 6.7 shows the results from the trials along with the mean (µ) and standard deviation ( ).
Evidently, from these data, there is reason to suspect inconsistencies in the fabrication process due
to the significant error associated with each property. The 26.7% uncertainty error for the Rcool
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Table 6.7: Results from thermal characterization.
TCA
1
2
3
4
5
µ

Rcool [ C/W]
4.00
3.58
3.67
6.00
6.00
4.65
1.24
26.7%

Rheat [ C/W]
64
64
64
76
77
69
6.86
9.9%

Ctca [J/ C]
0.500
0.514
0.505
0.446
0.453
0.483
0.032
6.5%

⌧cool [s]
2.03
1.82
1.89
2.47
2.47
2.14
0.315
14.8%

⌧heat [s]
31.49
33.22
31.62
36.40
38.04
34.15
2.94
8.6%

Table 6.8: Thermal capacitance error between cooling and heating trials.
TCA
1
2
3
4
5

Ccool [J/ C]
0.508
0.508
0.515
0.412
0.412

Cheat [J/ C]
0.492
0.519
0.494
0.479
0.494

% Error
3.20
2.14
4.16
15.04
18.10

measurements, however, may have been improved if a higher input power was provided in order
to achieve large temperature changes similar to the heating phase. These discrepancies could also
have been produced by slight inconsistencies during the fabrication of the TCA such as in the
length, in the coiling process, and in the training process.
Table 6.8 shows the thermal capacitance of each TCA when measured from the heating (Cheat )
and cooling (Ccool ) curves. Since the thermal capacitance is a constant property, then any discrepancies found between these two measurements must be caused either by sensor inaccuracies,
or human error during experimental procedure. Since there is a significantly larger error in TCA
4 and TCA 5, then in the first three, it is difficult to speculate the exact cause. One reason could
be that since the RTD is not completely enveloped by the TCA body, the partial exposure to the
surrounding air may cause these unexpected errors, however this is just a conjecture and should
be investigated in the future.
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Figure 6.23: Single-sided amplitude spectrum of RTD readings. FFT of RTD measurements at
50% duty cycle with 20V input sampled at 100 Hz sampling frequency.

6.5.5

RTD Noise Characterization

The precision of the RTD was suspected to be influenced by the voltage induced by the high
current flowing through the TCA during heating. The readings could especially be a↵ected during
periods of fractional duty cycle commands, so to induce the highest amount of noise during these
measurements. A 50% duty cycle for a 20 V input voltage at 25 Hz PWM frequency was used
for this test. The readings were measured at 100 Hz and plotted in the frequency domain. Figure
6.23 shows the results of the FFT analysis, which indicates distinct 25 Hz as expected. The
standard deviation was measured to be 0.10 C with a maximum error of 0.30 C, which was
deemed acceptable for this study.

6.6

Open Loop Frequency Response

The scope of this section involves the open loop frequency response study adapted from the BioRob
study mentioned at the beginning of this chapter. It includes the procedure, results, and a short
discussion, in order to justify the operating conditions used in subsequent sections. Before continuing, it is important to note that there are a few discrepancies present in this section compared
to the prior evolution of this chapter due to small changes in the design that occurred after its
publication. The first is that the TCAs used in this section are based on a 200 mm resting length,
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instead of 175 mm, and the second is that the design parameters were chosen here such that the
required strain for full ROM of the wrist was 11.5%, or 23 mm, as opposed to 15%, or 25 mm,
and the required force is 2.5 N, as opposed to 3.5 N. Aside from these changes, the results provide
substantial evidence for the efficacy of the TCA to provide suitable functionality in the proposed
wrist model. With that, the following section will outline the procedures followed in order to
precisely actuate the TCA and measure the frequency response.

6.6.1

Procedure

In order to measure the frequency response of the system, the TCA was actuated using a square
wave input of varying frequency, while the output displacement was recorded. Since the heating
and cooling speeds of the TCA are determined by the input power and cooling pressure, this test
was repeated five times from the lowest to the highest possible settings, which in this case was
determined by the pressure limitations of the solenoid valve used to control the flow of air. For
each of the five cases, the TCA was actuated at multiple frequency square wave inputs for 20
seconds while the displacement and power consumption data were recorded. The input frequency
was increased until an output stroke of 0.1 mm was measured (interpreted as noise), and reduced
until 23 mm of displacement was achieved.
In order to balance the heating and cooling rates, the power and pressure were adjusted so that
the displacement of the TCA was equal during both phases, creating a saw tooth waveform, as
shown in Figure 6.24. Preliminary tests showed that the heating and cooling rates would become
imbalanced throughout the input frequency ranges, resulting in either over heating or over cooling,
as seen in the upper and lower plots of Figure 6.25. To help mitigate this problem, the power and
pressure were equalized at the half stroke output, or 11.50 mm displacement for a 200 mm initial
length.
Table 6.9 provides the settings used for each case along with the half stroke frequency, power
consumption, and input voltage. The half stroke frequencies were chosen to be 0.33, 0.50, 0.75,
1.00, and 1.25 Hz, which were bounded by the minimum and maximum pressure ratings for the
solenoid valve used during testing.
Due to the transient nature of high frequency pressurized cooling, coupled with the thin profile
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Figure 6.24: Displacement vs. time for properly
matched heating and cooling curves.

Figure 6.25: Examples of untuned power and
pressure settings. Top: over heating. Bottom:
over cooling. These samples were recorded using a 1 Hz input frequency.

Table 6.9: Power and pressure settings.
Case
1
2
3
4
5

Pavg [W]
16.75
23.17
32.44
42.24
48.82

Vin [V]
11
13
16
18
20

p [psi]
5
20
35
50
60

f [Hz]
0.33
0.50
0.75
1.00
1.25

and electrically conductive surface of the TCA, inconsistent readings from the thermocouple were
likely during testing. Therefore, a preliminary evaluation of the temperature and displacement was
conducted prior to the testing procedure in order to verify that the 200 mm TCA could provide
a 23 mm stroke without overheating. To do this, 4 W were used to cycle the TCA from 0 to
23 mm over a longer time frame, allowing the thermocouple to provide accurate readings. The
results from this preliminary test verified that the maximum temperature required to provide full
contraction was 76 C.

6.6.2

Results

The output stroke was normalized using Eq. 6.28, where

is the strain as a function of the

measured displacement, dout , and the fully extended TCA length, Ltca . Figure 6.26 shows the plot
of the input frequency vs. the strain response for all five power–pressure pairs. This plot shows

6.6 Open Loop Frequency Response

128

Figure 6.26: Frequency response of TCA
Strain. Strain response during all five test
cases, where strain was calculated as the stroke
divided by a full extension of 200 mm.

Figure 6.27: Power and pressure settings plotted against the frequencies that produced full
ROM. The equations and R2 values represent
the line of best fit and their respective correlation values.

that each case provides a measurable output response up to 6.5 Hz, after which the readings from
the displacement encoder are reduced to less than 0.5% strain.

=

dout
⇥ 100%
Ltca

(6.28)

Figure 6.27 shows the plot of the power and pressure settings for each case against the frequency
required for a full stroke output. The linear approximations are also shown with their respective
R2 values. Using these linear equations, the required power and pressure for this brace to achieve
full ROM at a 1 Hz bandwidth, would be 85 W and 122 psi, respectively.
Table 6.10 provides the maximum achievable frequency for a full stroke output of 11.5%, f0 ,
and the output strain at 1 Hz,

0,

in order to represent how the TCA would perform during

voluntary motion. For the wrist brace design proposed, if the power and pressure settings for Case
5 were used, a full ROM could be achieved at 0.55 Hz, while the output strain would be 7.01%
(less than half the ROM) at the required 1 Hz response.

6.6.3

Discussion

The results shown in Table 6.9 indicate that the TCAs used here are capable of producing output
responses in the required frequency spectrum with as little as 16.75 W per strand and 5 psi
of cooling pressure. Figure 6.26 shows also demonstrates that the actively cooled TCA in this
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Table 6.10: Maximum frequency achievable for full ROM and measured output strain at 1 Hz.
Case
1
2
3
4
5

f0 @ 11.5% [Hz]
0.16
0.25
0.36
0.48
0.55

0

@ 1 Hz [%]
1.84
2.65
4.09
5.83
7.01

configuration can provide a measurable strain for frequencies up to 6.5 Hz for each of the five
power–pressure settings. Table 6.10, however, shows a significant improvement from Case 1 to
Case 5, when comparing performance in terms of f0 and

0.

Furthermore, Fig. 6.27 shows a linear

correlation between the cuto↵ frequencies and power requirements, meaning that these data can be
extrapolated to estimate the power and pressure requirements for systems with unique operating
bandwidths.

6.6.4

Limitations

It is important to note that these results do not represent the theoretical maximum values for air
cooled TCAs since all of the cases performed in this study had many fixed design parameters such
as the TCA length, inner tube diameter, tube material, and tube wall thickness. Future research
should conduct repeated measures tests and develop empirical formulas to relate the various design
parameters to the performance metrics.
An issue that should be addressed is the small protuberance at the base of the heating and
cooling curves, as seen in Figure 6.24 and 6.25. The cause of this was most likely due to the TCA
surface loosely adhering to the inner tube walls at a certain point during extension and contraction.
This e↵ect was ignored in the results and analysis, since it did not significantly a↵ect the period
of the output response.
Another phenomenon worth noting has to do with large power spikes occurring during each
heating phase. Since the voltage on the power supply was kept constant, these spikes occurred due
to the variation of the electrical resistance that the TCA experiences with strain and temperature.
Consequently, this could be the reason why the protuberances seen in the heating curves are less
prominent than those of the cooling curves, since the additional power consumption resulting from
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a lower starting resistance would heat the TCA quicker, allowing it to quickly move past the
contact points within the tube. In either case, this undesirable e↵ect was ignored for this study,
and any power consumption calculations were taken as an average across the total time period
of each test. However, it is important to note that future studies using TCAs could improve the
stability of the output response by actively regulating the heating power instead of the voltage,
since heat generation is directly correlated to power and not voltage.

6.6.5

Conclusion

Using the results of this study as a guideline, the operating conditions used for the remainder of
this chapter were selected. The heating power was chosen to be maximized at 30 W, since it was
shown that it can produce 11.5% strain at 0.36 Hz, which can be enough for slow rehabilitative
exercise as described in Section 6.1. This power constraint is also necessary when emphasizing the
feasibility aspect of this design, since the 7 TCAs are required to lift the full wrist based on the
kinematic model, meaning that a 210 W power supply would be needed. Although the design of
the power supply is out of the scope of this study, this upper limit can be rationalized knowing that
modern lithium polymer batteries utilizing USB Type C Power Delivery (USB-C PD) protocol can
deliver 100 W of continuous power8 , resulting in three battery packs to run the required 7 TCAs.
Furthermore, despite the cooling pressure for a 30 W power setting being approximately 35 psi
based on 6.9, 10 psi was chosen since this setting provided much more conservative noise levels.

6.7

Experimental Procedure

The general preparations of the remaining procedures consisted of inserting the TCA and RTD
assembly into the CMDA, as shown in Fig. 6.19 and 6.21, then setting the input voltage to 20 V
and the pressure regulator to 10 psi. A strand of sewing thread was used to connect the anchor
point of the hand to the floating end of the TCA and attaching a ground wire, also shown in
Fig. 6.21. The thread was secured so that the TCA was fully contracted and taut with the wrist
supported in full extension (+40 ). The data MCU loop time for sampling the TCAM was set to
8
USB-C PD Documentation: www.usb.org/document-library/usb-power-delivery [Accessed on: October 20,
2020]
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300 µs (3333 Hz), while the Main MCU loop time was set to 10 ms (100 Hz). The experimental
protocol consisted of three parts: sti↵ness tuning, controller assessment, and final validation of the
numerical model.

6.7.1

Spring Sti↵ness Tuning

Since the spring sti↵ness of TCAs are both temperature and strain dependent, an iterative tuning
procedure was required in order to approximate the complex behaviour down to a usable function
that could be implemented into the simulation model and inverse dynamics controller. This procedure consisted of systematically adjusting k and recording the output for a 0.05 Hz sine wave
input at an amplitude of 0.5 rad. This input command was chosen to have a low frequency and
large ROM so that the performance of the inverse dynamics controller could be observed over a
wide range of positions over a large time frame. Since the sti↵ness is expected to increase when the
coils of the TCA are in contact with each other, and decrease as the temperature rises, a variety
of trials were conducted consisting of both sine and step input commands at multiple amplitudes
so that a rudimentary linear relationship of k with the position (q) and temperature (Ttca ), could
be explored for this controller and apparatus.

6.7.2

Controller Assessment

The robustness of the controller was tested in conjunction with the tuning of the gain during this
portion of the procedure. This was done by observing the output response for incorrect sti↵ness
settings and various gain settings simultaneously. The results of this trial were used to observe the
e↵ects of estimating incorrect parameters for the inverse dynamics controller, and to find a gain
that provided the most stable output. A final test was conducted with the linearized version of k
in order to iterate and finalize the controller gain (!n ).

6.7.3

Numerical Validation

The final validation of the control system consisted of implementing the linearized version of k and
the chosen gain value into the final control system settings in both the experimental apparatus, and
the simulation model. Multiple tests were performed using the CMDA with three types of input
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commands: sine wave, step, and random user input, where the random input was administered
through the implementation of a control knob potentiometer on the apparatus. All commands
were recorded in real time and accompanied by all relevant measurement data: q, qd , q̇, q̇d , q̈, aq ,
ˆ In order to compare the results of the simulation and the experimental apparatus, the
✓, and ✓.
real-time commands were used as the control inputs for the Simulink model, so that the outputs
could be overlayed with the real-world outputs.

6.8
6.8.1

Results and Discussion
Spring Sti↵ness Tuning

Figure 6.28 shows the outputs of the inverse dynamics controller assuming constant sti↵nesses
of 125 N/m, 160 N/m, and 250 N/m. Using the information from these outputs, k was linearly
correlated with respect to q, resulting in Eq. 6.29. The e↵ectiveness of this initial approximation
was implemented into the inverse dynamics controller and then evaluated on the CMDA for sine
wave inputs at an amplitude of 0.2 rad and 0.5 rad, as shown in Fig. 6.29. The accuracy of the
controller for the larger, 0.5 rad amplitude sine wave, showed an improvement from the constant
k sti↵ness model from Fig. 6.28; however, the relatively large o↵set produced during the 0.2 rad
amplitude sine wave input, signified that this approximation was still incomplete.

k = 120q + 190

(6.29)

In order to extend this model to include both strain and temperature, the actuation of the
TCA was divided into two parts: the first part considered the large increase in sti↵ness when
the coils begin to contact, and the second considered the slight decline in sti↵ness due to the rise
in temperature softening the nylon fibers. Therefore, this extended model now included a linear
approximation of k with respect to the angle of the wrist (kq ), and with respect to the temperature
(kT ). Since the inter-coil contact region only a↵ects the sti↵ness near full contraction, it made
sense to include a weighting factor (Q), which modulates the control kq based on the proximity to
this region. Equation 6.30 represents the combination of these three new variables.
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Figure 6.28: Position vs. time for constant sti↵ness. Wrist angle output in radians for multiple
values of k.

Figure 6.29: Position vs. time for sti↵ness as a
function of q. Showing two di↵erent amplitude
sine wave input commands for variable k as a
linear function of q. The values in brackets,
shown in the legend, correspond to the amplitude of the sine waves.

The tuning process consisted of iteratively adjusting the linear coefficients of the three approximations for step command inputs of varying amplitudes, until relatively good accuracy was
achieved. Equations 6.31, 6.32, and 6.33 represent the final linear approximations of kq , kT , and
Q, respectively. Figure 6.30 shows the results of this linearization method for a 0.05 Hz sine input
command with amplitudes of 0.5 rad and 0.2 rad.

k = Qkq + (1

Q)kT

kq = 325q + 162.5

kT =

0.625Ttca + 180

Q = 1.33q

(6.30)

(6.31)

(6.32)

(6.33)

Although the linearization methods for k were rudimentary, the results shown in Figs. 6.28
to 6.30, demonstrate the importance of accurately modeling the e↵ect of strain and temperature
on the spring sti↵ness. An intermediate step of linearizing k with q was highlighted in Fig. 6.29
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Figure 6.30: Position vs. time when k is linearly approximated to T and q.
in order to show that the e↵ect of q appeared consistent across the entire ROM for the sine wave
amplitude of 0.5 rad, but contained inaccuracies for a smaller amplitude of 0.2 rad. This was also
an example of the trial and error tuning methods used to create a rough estimate of the sti↵ness
for this particular setup. It is important to note that this is not an optimal method for tuning the
sti↵ness, and that future work should involve isolated testing procedures to systematically evaluate
the e↵ect of strain and temperature on the sti↵ness, and incorporate optimization methods to find
an accurate model. Consequently, such a model could serve as a direct estimator of the TCA
strain, which could eliminate the need for an encoder to track position.

6.8.2

Controller Assessment

The e↵ect of !n , and the new sti↵ness model, on the performance of the controller were evaluated
using a sine wave input of 0.05 Hz at an amplitude of 0.5 rad. This shows how a largely inaccurate
estimate of the sti↵ness can still provide controllability with the tuning of a single gain variable,
which provided a reduction in RMS Error from 0.1560 to 0.1297 for !n = 20 and !n = 40,
respectively.
Figure 6.31 shows the results for !n of 20 and 40, while using a constant k of 250 N/m, while
Fig. 6.32 shows the results for !n of 10, 20, and 50, while using the linearized version of k. These
results show that the larger gain values resulted in a reduction in the RMS error from 0.1688 at
!n = 10, down to 0.1207 at !n = 50.
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Figure 6.31: Position response for two di↵erent
gain settings, while assuming constant sti↵ness.
This plot shows the position response for a 0.05
Hz sine wave at 0.5 rad amplitude, for the controller gain set to 20 and 40, and while sti↵ness
is assumed constant sti↵ness at k = 250 N/m.
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Figure 6.32: Position response for three di↵erent gain settings, while using linearized sti↵ness
model. This plot shows the position response
for a 0.05 Hz sine wave at 0.5 rad amplitude,
for the controller gain set to 10, 20, and 40,
and while sti↵ness is assumed to follow the linearized approximation for sti↵ness that was developed in this chapter.

Although larger gains have shown butter RMS Error, it can be seen in both figures that larger
gains also result in more pronounced oscillations; therefore, based on these results, a gain of 20
was chosen moving forward.

6.8.3

Numerical Validation

The results of the final validation of the Simulink design and experimental design are found in
Figs. 6.33 to 6.36, with Table 6.11 presenting the RMS error and R2 value of the position (q)
and absolute temperature (Ttca ) between the Simulink output and experimental output. Figures
6.33 and 6.34 show the results of various sine wave input commands, while Fig. 6.35 shows the
results of various step input commands, and Fig. 6.36 shows the results of the random user input
commands. The captions of these figures also contain the same labeling information as Table 6.11
for quick referencing, i.e., “Sine Wave Input 1” contains the output results pertaining to the row
in Table 6.11 labeled, “Sine 1 - 0.05 Hz, 0.5 rad,” where the numbers of the label in the table refer
to the frequency, amplitude, and o↵set (if any), respectively. The plots from all trials listed in
Table 6.11 can be found in Appendix E.
To test the bandwidth of the system, Fig. 6.33 shows a 0.5 rad amplitude sine wave input with
increasing frequency from 0.05 Hz to 0.3 Hz. These plots demonstrate that the controller could
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(a)

(b)

(c)

(d)

Figure 6.33: Position vs. time for sine wave inputs 1–4. Each plot represents a sine wave command
input with 0.5 rad amplitude and a frequency of a) 0.05 Hz, b) 0.1 Hz, c) 0.2 Hz, and d) 0.3 Hz,
respectively.
not provide reliable behaviour for input commands greater than 0.2 Hz. This low bandwidth is
attributed to the pressure settings used for this experiment since the lower pressure reduces the
cooling rate and in turn inhibits the ability of the system to perform wrist flexion movements.
By increasing the pressure, Rcool can be decreased allowing the response to follow faster input
commands.
Figures 6.34a and 6.34b show both output responses for sine wave inputs at 0.05 Hz and 0.25
rad amplitudes, o↵set by +0.25 and

0.25 rad, respectively. In sine wave input 6, the positive

o↵set provided a better correlation than the negative o↵set command, however in both cases, the
high frequency behaviour of the numeric and experimental models did not agree as seen in the
larger oscillations computed by the simulation. This behaviour was likely caused by the simulation
over estimating the sti↵ness or underestimating the mass, therefore overestimating the amount of
contraction for lower wrist angles.
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(b)

Figure 6.34: Position vs. time for sine wave input 6 and 7. The sine wave input command
consisted of 0.05 Hz frequency and 0.25 rad amplitude with an o↵set of a) 0.25 rad, and b) -0.25
rad, respectively.
It is evident from all plots in Figs. 6.33 to 6.36 that the numeric model computes inaccurate
estimates of the position, since it could not reach values below -0.2 rad. There are many variables
that could cause these di↵erences, including an inaccuracy in the sti↵ness model, in the placement
of the anchor point on the experimental apparatus, in the measurement of the total mass of the
system, in the measurement of the damping factor, and in the calculation of the moment of inertia.
It is important for future studies to provide improved methods to measure these variables if the
inverse dynamics controller is to have predictable behaviour. Additionally, the temperature plots
revealed that the numeric model computed an o↵set bias across all tests, between 8 C and 20 C,
which suggests that the thermal properties were not calculated properly or that the RTD sensor
was not accurately calibrated.
The R2 values for position and temperature in Table 6.11 show quantitatively, that the two
models had medium to high levels of correlation, with the lowest correlation occurring in the 0.3 Hz
and 0.5 Hz sine wave trials, which was expected due to the low pressure settings, since this would
result in slower cooling rates, hence a lower bandwidth. The step input trials provided consistently
high correlation values and highlight the similarities between the profiles of the two responses for
wrist positions greater than -0.2 rad suggesting that the damping, sti↵ness, and inertia were
well estimated for those particular wrist positions and misrepresented for other positions. The
final random trial presented in Fig. 6.36 also showed a good correlation but also emphasize the
inconsistencies between the model and experimental apparatus.
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(a)

(b)

(c)

(d)

Figure 6.35: Position vs. time and temperature vs. time for step inputs 1 and 2. Plots a) and b)
represent the output responses for step input 1, while plots c) and d) represent step input 2.

(a)

(b)

Figure 6.36: Position vs. time and temperature vs. time for random user input commands.

6.9

Conclusions

The objectives of this study were to develop the kinematic, dynamic, and thermal models for a 1
DOF wrist apparatus and use these models to design and validate an inverse dynamics controller
using numerical and experimental methods. Using the kinematic model, the placement of the
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Table 6.11: RMS error and R2 of q and Ttca
Input
Sine 1 - 0.05 Hz, 0.5 rad
Sine 2 - 0.1 Hz, 0.5 rad
Sine 3 - 0.2 Hz, 0.5 rad
Sine 4 - 0.3 Hz, 0.5 rad
Sine 5 - 0.5 Hz, 0.5 rad
Sine 6 - 0.05 Hz, 0.25 rad + 0.25 rad o↵set
Sine 7 - 0.05 Hz, 0.25 rad 0.25 rad o↵set
Sine 8 - 0.05 Hz, 0.25 rad
Step 1
Step 2
Step 3
Step 4
Random

RMS Error (q)
0.1731
0.2180
0.2777
0.3473
0.2824
0.0879
0.1537
0.1013
0.1984
0.1840
0.1909
0.1522
0.2426

R2 (q)
0.9588
0.9228
0.8355
0.6352
0.6605
0.9116
0.8465
0.8952
0.9891
0.9386
0.9816
0.9502
0.8785

RMS Error (Ttca )
12.0140
11.9264
7.9811
8.2115
8.4071
9.3014
19.6600
15.2486
9.2920
10.0438
11.5729
12.1478
12.4816

R2 (Ttca .)
0.7668
0.6872
0.7363
0.6963
0.5870
0.4498
0.6397
0.5853
0.9313
0.8889
0.8926
0.8041
0.8232

anchor points for the wrist tendon, were chosen based on the force and strain constraints for TCA
used in this study. A numerical model of the system was then developed in Simulink alongside an
inverse dynamics controller, based on the chosen design parameters and system equations.
To validate the model and assess the performance of the controller, an experimental apparatus
was built and tested using various input commands. In order to improve the accuracy of the model,
the experimental trials were also used to model the spring sti↵ness of the TCA as a function of
position and temperature, since it is well-known that this property can fluctuate significantly based
on these two conditions. Analysis of both the numerical and experimental results revealed that
a large number of parameters may have been inaccurately measured or incorrectly modeled, but
despite this, the outputs from each of the final trials showed that the controller could compensate
for these di↵erences and reliably track the input commands. This model is therefore not validated
and required further refinement if it is to be used to accurately simulate the dynamics of TCAs
in a mechanical system. It is recommended that future studies implement a robust and adaptive
version of the inverse dynamics controller or use methods to linearize the system in order to apply
conventional control techniques.
In terms of the sti↵ness tuning methods used in this study, it is highly recommended that future
work includes rigorous testing of the e↵ects of strain and temperature on the spring sti↵ness in
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order to develop an accurate model. This recommendation also applies to all of the mechanical
and thermal properties, which if accurately modeled, could provide enough accuracy to develop
hardware in the loop simulations, which would eliminate the need for complex experimental setups
and tuning methods. Linearization techniques should also be considered in order to convert the
nonlinear system of equations into a form that is useful to permit traditional control methods such
as gain and phase margin evaluation, pole placement, and adaptive control algorithms.
This study also included the reassessment of the temperature sensing methods used to sense
the TCA temperature. Previous research commonly used thermocouples or micro thermistors for
direct contact measurements, however, since this study required temperature sensing of the TCA
within a small diameter tube and with turbulent air flow, these methods were not robust enough to
provide reliable measurements. Therefore, a resistance temperature detector (RTD) was designed,
developed, and validated, which could be embedded directly to the TCA body within the tube and
provide reliable measurements of the temperature without significantly obstructing the heating or
cooling process. However, improvements to this sensor could be made by incorporating a smaller
sensing wire and calibrating it by using more accurate industry calibrated sensors.
The flow of air in this study was controlled by a solenoid valve, which was limited to a fully
closed or fully opened state. It is highly suggested that future research in this area should introduce
a variable flow control valve in order improve controllability and efficiency. This would allow the
variable f , from Eq. 6.16, to be any fractional number between 0 and 1, in order to smoothly
vary the thermal resistance during cooling instead of o↵setting the large drop in thermal resistance
with additional heating. The performance of the controller would likely be improved by reducing
oscillations previously caused by the binary switching of the solenoid valve. Efficiency of the overall
system would also be significantly improved by allowing the power to be o↵ during cooling, while
also requiring less air volume during cooling.

Chapter 7

Concluding Remarks
There is a vast amount of evidence supporting the e↵ectiveness of mechatronic intervention on
the quality and speed of recovery of MSDs, and that despite knowing this for decades, upper-limb
mechatronic rehabilitation is still at an immature stage, and widespread clinical adoption is at a
standstill. This is due to a lack of e↵ective, low-cost, portable, and wearable designs on the market,
which can be traced back to the inherent properties of conventional actuation methods that are
currently being implemented. Various solutions have been developed such as the implementation
of soft actuators including those made from smart materials, which are a growing field of interest
for wearable devices due to their inherent flexibility, low weight, and minimal profile; however,
due to their unique material properties they have proven to be difficult to implement and control.
Despite these setbacks, recent improvements in this field have continued to increase their viability
as a superior replacement for conventional actuators, and the discovery of new materials and
fabrication methods continue to drive this field toward complete integration into wearable devices.
The twisted coiled actuator (TCA) is a recent discovery in this field that has demonstrated large
tensile actuation, significant mechanical power—over 100 times that of biological muscle—and good
dynamic range, all in a muscle-like form factor that costs less than 5$/kg in material. Furthermore,
TCAs have a simple, yet e↵ective fabrication process, that can be adjusted to produce TCAs of any
length or diameter, allowing the total output stress and strain to be tuned to the specifications of
the target application. TCAs require heat to contract, so they are typically fabricated from o↵-theshelf silver-plated nylon thread, facilitating the use of joule heating methods. The current issues
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surrounding TCAs have to do with the intrinsic properties of thermomechanical devices, since this
causes them to have a low efficiency due to the conversion from electrical power, to heat, and then
to mechanical power. Additionally, the slow rate of thermal dissipation causes the extension of
TCAs to be much slower than the contraction, which renders their operating bandwidth useless for
wearable applications that involve motion assistance. Finally, just like our own muscles, TCAs can
only contract, so they require antagonistic operation to provide the sti↵ness and position control
of the assisted joint.
The aim of this work was to expand the development of TCAs by trying to alleviate these
fundamental issues. The experiments conducted in Chapter 3 showed that it is possible to actuate TCAs in a biomimetic configuration such that we can control the sti↵ness and position
of the junction point between two antagonistic TCAs. The remaining chapters focused on the
implementation and evaluation of active cooling, which can provide control of the thermal heat
transfer rates during heating and cooling to improve bandwidth and efficiency, while isolating the
high surface temperature of the TCA, thus improving safety. Overall, the experiments showed
that these problems can be alleviated through the use of antagonistic control of TCAs in an active
cooling environment; however, the use of large and heavy hardware components, such as a solenoid
valve and an air pressure regulator, were implemented to provide proper cooling and control, thus
diminishing the advantage of using a lightweight actuator. It is recommended that future work
should strive to optimize the hardware and control methods in order to extend the lessons learned
here to a fully wearable and portable system. Despite this, it is hopeful that the contributions
of this work will help to inform the development of soft actuation solutions for future research,
and ultimately benefit wearable mechatronic devices, therapists, and most importantly, patients
su↵ering from musculoskeletal disorders. The specific contributions from each study have been
outlined in the following section along with any observed limitations; this will be subsequently
followed by a set of recommended future directions for researchers who wish to continue this work.
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Contributions

The first contribution is the demonstration of simultaneous sti↵ness and position control of
single-stranded, antagonistic TCAs as a means to provide control from a biomimetic standpoint.
The study presented in Chapter 3 showed that the junction point between the TCAs could be
controlled in terms of sti↵ness and absolute position by controlling the temperature of each TCA
individually. However, it is clear that the results presented in this study do not align with previous analysis of the temperature–sti↵ness relationship in TCAs, since it has been shown that
these properties are negatively correlated and thus indicate a reduction in sti↵ness with a rise
in temperature. A possible conjecture is that this rise in sti↵ness may have been caused by the
progressive recruitment of either TCA, thereby gradually contributing their individual sti↵nesses
to the summation point. Another possibility is that the inter-coil contact region actually provided
a positive increase in sti↵ness with temperature. Nevertheless, this is the first time that sti↵ness
control of individual TCAs in an antagonistic arrangement has been demonstrated, thus further
highlighting their biomimetic capabilities and potential for use in wearable devices.
The second contribution is the evaluation of water and pressurized air inside of an active
cooling apparatus in terms of their overall performance and feasibility. Chapter 4 tested the use
of water and pressurized air as the cooling medium and evaluated the performance based on the
capabilities of three o↵-the-shelf micro fluidic pumps, and three di↵erent pressure settings. The
fluidic pump selection in the first experiment was necessary, since a real world design would be
limited to the performance specifications of available motors. In contrast, pressurized air can
be regulated to any pressure beneath the capabilities of the pressure source. Additionally, both
studies used a repeated measures format to determine the e↵ects of the di↵erent flow sources with
three di↵erent tube diameters. The results from both studies provided a comparison of the two
cooling environments based on the relative e↵ects of the tube size and flow control capabilities. The
process developed here provided quantitative support for the selection of initial design parameters
and can be translated to designs using di↵erent form factors and fluid properties. Furthermore, it
was determined that, although liquid cooling was viable and yielded superior performance, the use
of pressurized air provided many more design freedoms for actively cooled TCAs, since they can
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be controlled with a variable pressure regulator and do not rely on a completely closed system.
The third contribution is the construction of a comprehensive analytical model of actively
cooled TCAs with a tube enclosure. Chapter 5 fully describes the novel approach used to develop
the set of equations that describe the system the e↵ect of the geometry and material properties
of the TCA and tube enclosure on the thermal resistance and thermal capacitance of the system.
The implications of this research are that the thermal characteristics of the proposed active cooling
design can be estimated by knowing the physical properties of the tube, such as the thickness,
length, and material, which then allows for accurate selection of the design parameters based on
predictions of the actuator’s performance.
The fourth contribution is the evaluation of the feasibility of TCAs in a wearable wrist
extension brace. Chapter 6 provided a full overview of the design and development of a one DOF
wrist apparatus to evaluate a realistic implementation of a TCA in a nonlinear mechanical system.
To do this, a wearable prototype was conceptualized and a kinematic and dynamic model were
developed in order to determine the proper design parameters that allowed the TCAs to operate
within their limits, while also providing full ROM and lifting capabilities to the brace. The forward
and inverse dynamics were derived from the kinematic and dynamic equations of motion and used
to construct a numerical simulated version of the wrist. A wrist simulator was also built in order to
validate the model against a physical system, thus allowing a quantitative analysis of the accuracy
of the derived mathematical model. Following this, an inverse dynamics controller was evaluated
in both systems in order to evaluate the performance and determine the feasibility of TCAs in a
realistic scenario.
The fifth contribution is the development of a novel temperature sensing method for TCAs.
Chapter 6 introduced the design and evaluation of a resistance temperature detector (RTD), made
specifically for TCAs—or similarly thin and flexible thermomechanical actuator. Many issues that
previous chapters faced has been with robust measurement of the TCA’s temperature, especially in
an enclosed tube with turbulent air flow. Since TCAs, have an electrically conductive surface that
is also thin and intricately shaped, the efficacy of conventional sensing methods, is significantly
reduced. It is desirable to take direct surface measurements, since remote thermal cameras can
be blocked by active cooling enclosure or inaccurate due the thin structure of TCAs. The custom
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design of an RTD sensor allowed the temperature to be reliably measured from within the tube
without significantly a↵ecting the performance.

7.2

Future Directions

Although the contributions of this work have addressed some of the issues surrounding TCAs,
exploration is still required in several directions in order to obtain a viable solution for wearable
exoskeletons. The direction that is simplest is to improve on the work presented here based on a
few limiting factors, as follows.
In the study presented in Chapter 3, the measurement of the inter-coil separation distance was
neglected, which would have been useful in discovering the cause of the unexpected behaviour of
the sti↵ness. Another limitation that should be highlighted is that the methods were sub-optimal,
such that they assumed a linear model, following Hooke’s Law, and used only two measurement
points to compute the sti↵ness. The implications of this are that the results presented from these
experiments may be inaccurate and sensitive to the experimental conditions. One implication of
this was the lack an accurate sti↵ness model of the TCA in Chapter 6, which resulted in a rigorous
e↵ort to iteratively tune the sti↵ness with temperature and position. Future research should focus
on using high accuracy measurement hardware to conduct a thorough experimental evaluation of
the relationship between sti↵ness, stress, and strain, in order to develop an accurate and repeatable
model. Doing so, would assist in a better understanding of the results from Chapter 3 and 6, and
provide better estimation for simulated models, and feedback control systems. In addition, the
methods in Chapter 3 should be modified to utilize precision hardware for improved and extensive
measurement of the sti↵ness for an antagonistic configuration.
In Chapter 4, the water cooling simulations were not experimentally validated due to the
complexity involved in the fabrication of a liquid cooling system. Specifically, in order to operate a
TCA inside an enclosed tube with liquid coolant, an air tight seal is required that also mechanically
couples the TCA to an external load without significantly inhibiting its performance. To the
knowledge of the author, this has not been e↵ectively produced throughout the literature; however,
a successful implementation of this method would allow TCAs to run much more silent than with
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pressurized air—although this would also result in increased weight.
The CFD analysis from Chapter 4 revealed a thermal gradient across the TCA, which could
now be validated e↵ectively using the RTD sensors presented in Chapter 6. Future work should
involve at least three RTD sensors equally spaced across the TCA length in order to measure the
heat map of the TCA during transient heating and cooling. The information gained from this
type of experiment would provide valuable insight into the optimal placement of the temperature
sensors, and would support the development of a prediction model to determine the approximate
temperature across the TCA.
The study conducted in Chapter 5 also could have improved with the use of the new RTD sensor,
since the validation process relied on steady state measurements, due to a lack of stable thermal
sensors at the time. Nonetheless, the validation process did not necessarily require transient
measurements, they would have been useful in supporting the e↵ectiveness of the proposed use
cases.
Another limitation not mentioned previously, was that Chapter 6 did not provide a sensitivity
analysis of the response to design parameters. This is important for future studies to include since
the final geometry of the system will never match the specified design parameters exactly. In that
case, if the sensitivity is low then small variations in the fabrication will still result in the expected
output, however high sensitivity will provide erratic responses that could damage the system or
harm the wearer of the device.
Finally, from the author’s knowledge, there has been no such e↵orts to integrate TCAs into
series elastic actuators. This method could be worth exploring since the sti↵ness of TCAs is
dependent on temperature and displacement. Accordingly, this would provide improved sti↵ness
control in SEAs without the use of an additional motor to tension the passive component. Instead,
a TCA would become the passive component in series with the main driving motor, allowing
the motor and TCA to provide variable sti↵ness by adjusting the position of the motor and the
temperature of the TCA. Furthermore, this would open the doors to applications requiring larger
force outputs and high efficiency, since the electric motor could provide most of the actuation
power required to lift heavier joints, while the TCA could provide a simple means to adjust the
sti↵ness and reduce the number of rigid components.

7.3 Closing Statement
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Closing Statement

The work presented in this thesis investigates a very specific area of mechatronic rehabilitation, and
the future directions discussed above, only account for a small portion of a vast amount of research
still needed for these devices to meet their full potential. Despite this, with each contribution, the
knowledge in this field will continue to grow, and our methods will gradually improve, ultimately
benefiting those su↵ering from illness around the world.
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Appendix A

Entropic Spring Review
Given the decrease in structural sti↵ness, it would be expected that a polymer thread would
produce less force for a constant displacement, or lengthening under a constant load, when heated.
However, experiments have demonstrated many times in the past that the force actually increases
with a rise in temperature [108]. This is because the stretched polymer chains do not store energy
between their atomic bonds as with rigid materials, but instead it is released as heat. This e↵ect
can be demonstrated by quickly stretching a rubber band and observing the reduced temperature.
This e↵ect is also reversible such that releasing the rubber band you will notice an increase in
temperature, or by heating up the rubber band an increase in contraction force will occur.
This e↵ect can be explained by invoking the ideal chain law, which views the monomers residing
in polymer chains as rigid rods of fixed length connected by freely moving joints, as shown in Fig.
~ then a microstate is a configuration of
A.1. If we define the end-to-end vector as a macrostate (R),
the chain that results in a macrostate, and that every macrostate has some number of microstates,
~ As such, there are fewer microstates available to a stretched-out chain when the ends are
⌦(R).
closer together, therefore when the individual linkages are free to move, it is more probable for the
chain to conform to a curled state than a stretched state. This is equivalent to saying that the
entropy is reduced when the chain is stretched due to fewer available configurations.
Since there may be interactions between monomers and infinitely many configurations of the
~ for each macrostate, R.
~ The
chain, it is difficult to determine the number of microstates, ⌦(R)
~ using the
ideal chain law assumes that no interactions occur between monomers and defines ⌦(R)
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Figure A.1: Representation of a polymer chain using the ideal chain law.
~ described by Eq. A.1, where n and l are the
Maxwell-Boltzmann probability distribution, P (R),
number and length of the chain links (monomers) [109].

~ =
P (R)

✓

3
2⇡nl2

◆3
2

e

~2
3R
2⇡nl2

(A.1)

~ using
The entropy of the system (S) can now be described as a function of the vector length R
the Boltzmann-Planck equation, shown in Eq. A.2, where kB is the Boltzmann constant.

~ = kB log(P (R))
~ =
S(R)

~2
3kB R
2nl2

(A.2)

In order to find the usable energy of the system, Eq. A.2 is substituted into the Helmholtz Free
Energy equation in Eq. A.3, where A is the free energy, T is the temperature, and U is the total
enthalpy (internal bond energy). However, the Flory theory of elasticity has shown that elasticity
has primarily entropic e↵ects, which allows the enthalpy to be ignored [110].

A=

U

T Su

T S

(A.3)

The total force (F ) per polymer chain is therefore the derivative of work with respect to
distance. Equation A.4 shows the final force equation resembling Hooke’s Law (F = kx), where
3kB T
nl2

represents the spring constant (k) and R is the displacement (x). It is also shown here that

the spring constant is temperature dependent, meaning that the sti↵ness associated with entropic
e↵ects increases with temperature.
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(A.4)

The result of heating a pre-stretched strand of polymer is therefore an anisotropic thermal
expansion due to the axial forces causing length contraction and radial expansion. However, the
amount of axial contraction is about 2.5% while radial expansion is about 5%, which is not very
useful for wearable robotics [69]. In order to improve this, the radial expansion can be leveraged
using spring mechanics.

Appendix B

TCA Fabrication Procedure for
Chapter 3
The TCAs were created by twisting 4 strands of silver-plated nylon 6,6 thread1 until a coil forms
along the entire length. Figure B.1b shows the twist insertion device, which can be reproduced
following the schematic in Fig. B.1c. The design chosen here includes a stepper motor, which
required a stepper motor driver and microcontroller for successful operation. Additional components were added for ease of use such as a power button, a potentiometer to control the speed,
and the 7-segment display to count the number of rotations and ensure consistency across TCAs.
The twisting and coiling process is required to be completed twice, so that the resulting TCAs
can be plied together to make a double helix structure. This formation prevents unwinding from
occurring and increases robustness. Once twist insertion is complete, micro thermistors are embedded on both ends of the actuator using thermal grease for better response times. A payload
of 60 g was used to tension the Nylon threads during twist insertion, while a 142 gram payload
was used during the annealing process (training). The annealing process consisted of heating the
TCA from 30 C to 125 C over 10–20 cycles with a payload of 1.4 N or until a consistent output
displacement was observed. Specific details of the fabrication steps are as follows:
1. If necessary, expose the metal core of the paper clips for proper contact of the TCA and
1

www.shopvtechtextiles.com, PN: 260151023534 (4-ply).
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(a)

(b)

(c)

Figure B.1: TCA twisting apparatus. a) TCA loaded into twisting apparatus. b) Circuit used to
control twist insertion motor. c) Schematic of circuit.
power leads (Fig. B.2a), then loop the thread 4 times between two paper clips so that there
are 4 parallel lengths of 50 cm (Fig. B.2b).
2. Insert paper clip assembly into twist insertion apparatus and attach a 60 g payload, as shown
in Fig. B.1a, then activate the motor to start twisting the thread.
3. Repeat Steps 1–3 with a second thread, then place the two sets side by side, as shown in
Fig. B.3b.
4. Solder the micro thermistors to lead wires and insert them into 3D printed strain reliefs, as
shown in Fig. B.3a.

(a)

(b)

Figure B.2: Initial untwisted thread. a) Required locations of exposed metal. b) Length of initial
untwisted thread.
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(a)

(b)

(c)

(d)

Figure B.3: Fabrication process. a) Micro thermistor mounted into 3D printed strain relief. b)
c)Two TCA strands ready to be plied together. c) TCA after being plied and inserted into strain
relief. d) TCA training before (left) and after (right).
5. Twist the two single ply TCAs together 10 times and insert the paper clip anchors into the
strain relief as shown in Fig. B.3c (there should be two per side since two threads are now in
parallel). An M4 screw is used to firmly attach the TCAs to the plastic anchors and thermal
paste is applied to improve thermal coupling and mechanical stability, and to make sure that
the lead wires do not contact the conductive surface of the TCA.
6. With a 140 g weight attached, cycle the TCA from 30 C to 125 C for 20 cycles. Figure B.3d
shows the TCA before and after training.

Appendix C

New TCA Fabrication Method
Two di↵erent thread sizes, 2-ply and 4-ply, were used throughout this thesis, both made from
the same silver-plated nylon 6,6 material1 , each with a nominal diameter of 0.1 mm and 0.2 mm,
respectively. The fabrication procedure described below applies equally to both thread sizes and
any minor di↵erences will be highlighted. The general procedure consists of twisting the base
thread under a constant tension until it completely self coils, at which point the coiled thread is
now considered a 1-ply TCA. By folding the 1-ply in half, a 2-ply TCA is formed, and results in
a more stable structure that is prevented from untwisting under load. Finally the two ends are
crimped in order to provide more durability and a stable electrical connection for joule heating.
The training procedure is also outlined here, which involves heating and cooling the TCA under
constant load or constant displacement to allow the semi-crystalline structure to realign with the
new form factor. Specific details of this new process are outlined below.
Twist Insertion Apparatus

The fabrication setup, shown in Figure C.1, uses an electric step-

per, or brushless DC, motor to wind the TCA under constant tension. Figure C.2a provides a
closer view of the twist insertion motor, which contained a microcontroller, motor, and motor
drivers, to control the speed of twisting. Figure C.2b shows the linear roller required to couple the
tensioning weight to the nylon thread.

1

www.shopvtechtextiles.com, PN: 260151023534 (4-ply), and 260151011717 (2-ply)
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Figure C.1: Fabrication setup. Consists of a stepper motor, a linear roller, and a pulley system
made from 3D printed material.
Operating Conditions

Experience shows that the initial length of the base thread needs to

be approximately 12 times the desired length of the final length, therefore for a 100 mm TCA,
at least 1200 mm of thread is required. It is better to have a longer initial thread length since
this crimping method allows the TCA to be cut to an exact length after twist insertion. After the
desired length of thread is cut, the two ends can be made into loops or tied to eyelets, to provide
secure mounting points to the motor and the linear roller.
The initial twisting and coiling process requires a tensioning weight to prevent curling during
twisting, however, if the tension is too large, the TCA will break. Therefore, there is a range
of forces that will successfully produce a TCA. Haines et al. found that lower twisting tensions
provides lower spring sti↵ness in the final structure [45], and since TCAs already have a high
sti↵ness, a minimum mass was chosen for each thread size. Due to the di↵erence in cross-sectional
area between the two thread sizes, di↵erent tensioning weights were required during the fabrication
process. Thus, through the process of trial and error, the tensioning weights for the 2-ply and 4-ply
threads were 65 g and 175 g, respectively.
Twisting

After applying the force of the weight and powering the motor, the thread was able

to begin twisting. Figure C.3a shows a region of the TCA forming coils during the early stages
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(a)

(b)

Figure C.2: TCA twist insertion motor. The stepper motor and control circuitry enclosed in the
box (a) is connected to the mechanical weight coupler (b) by the TCA being fabricated.

(a)

(b)

(c)

(d)

Figure C.3: Twisting and folding process. a) Twist insertion begins. b) Folding the twisted TCA
strand in half while keeping tension to prevent premature plying. c) A terminal is crimped to each
end of the TCA. d) The final crimped TCA.
of the twisting procedure. The twisting continued until the entire length of thread was coiled, at
which point the single ply TCA strand was approximately one sixth of its original length. The
diameter of the TCAs after this step were measured as 0.375 mm and 0.75 mm for the 2-ply and
4-ply thread, respectively.
Folding

Once fully coiled, a second ply is administered by folding as shown in Fig. C.3b. By

folding in the coil in half and releasing, the stored elastic energy, built-up from the twisting phase,
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Figure C.4: TCA before crimping. Releasing the TCA allows it to ply itself via elastic forces built
up from twist insertion.
produces a torque that naturally causes the two halves to synchronously twist together, creating
a tight helical structure, as shown in C.4.
Crimping Figure C.3c shows the dimensions of the standard power terminal crimp2 used to
secure the two ends on a 4-ply TCA. This step in the process allows the TCA to have exact final
dimensions since the crimps can be placed anywhere along its length. Figure C.3d shows a 100
mm TCA after crimping.
Training

The TCA is trained by cycling the heat between room temperature (⇠24 C) and

140 C, while elongating by 5–10 mm after each cycle. This process can be repeated until a desired
length is achieved, however it is not recommended to elongate further than 30% of its initial length.
For the purposes of this thesis, the process was discontinued once 30% strain was achieved. The
training process can also use a constant force by heating the TCA with an attached weight, however
this is not recommended since the strain produced during relaxation periods is not controllable
and may result in breaking. Additionally, it was found that constant displacement provided much
higher consistency in the final trained length than using a constant force.

2

McMaster-Carr (Part ID: 69525K47)

Appendix D

Simulink Model Overview
MATLAB1 with the Simulink toolbox were used to generate the control block diagram shown in
Fig. D.1. The general process that this model defines is broken up into four sections: the reference
signal, the inverse dynamics controller, the physical system, and the feedback sensors.
The reference signal consists of the “Reference” block, which was configured to port the same
input data—desired wrist angle, qd , in radians—used from the wrist simulator, into the inverse
dynamics controller. The two blocks that are commented out were used in preliminary testing
to emulate various sine wave, or step command inputs. Since the subsequent error block requires
the desired position (qd), velocity (dqd), and acceleration (ddqd) of the wrist, two discrete-time
derivative blocks were used to convert the initial signal.
The inverse dynamics controller consists of the “Error Block” block, the “Gain” block, and
the “Inverse Dynamics Controller Block.” Together these three blocks facilitate the use of the
inverse system of equations outlined in Chapter 6, to convert the desired (qd, dqd, ddqd) and
actual (q, dq, ddq) system states into power (u) and fan (f) control outputs. The error block is
representative of Eq. 6.20, which takes in the calculated gain values (kv and kp), along with the
system states, to compute a new acceleration command (aq), required by the inverse dynamics
control algorithm. The power control output from the inverse dynamics controller block is passed
through a saturation block, which limits the power to 30 W, and the “Z

1”

blocks represent a

single time step delay.
1

The Math Works, Inc. MATLAB. Version 2020a, The Math Works, Inc., 2020. Computer Software.
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The physical system consists of the “Plant” and “Disturbance and Noise” blocks. The “Plant”
contains the forward dynamics of the system, resulting in an angular acceleration, which is immediately fed through two discrete integral blocks to yield the angular position (representing the digital
encoder in the experimental setup), then saturated to ±0.6 rad to match the physical constraints
of the system. The “Disturbance and Noise” block contains five types of variations produced by
external mechanisms. This includes direct system disturbances such as with instability of the
electrical heating power (“Power”) or any additional torques caused by fabrication inaccuracies
(“Torque”). Sensor noise consisted of angular noise from the encoder (“Encoder”), noise caused by
the RTD amplification circuitry (“RTD”), and noise caused by the 25 Hz frequency of the PWM
driver (“PWM”). The PWM noise and was only relevant to the temperature readings, since the
RTD sensing wire could pick up on the voltage fluctuations passing through the TCA, therefore
both were summed together with the temperature output.
Feedback sensing of the system outputs consisted of an absolute digital encoder and an RTD
sensor. Since the RTD sensor provided analog readings, a filter was required to reduce the noisy
temperature readings. A Kalman filter was used, since it only requires a linear set of state space
equations for the TCA’s thermal response, and the expected noise variance of the RTD sensor,
which were outlined in Sections 6.2.4 and 6.5.5.

Figure D.1: Simulink model of the inverse controller.

Appendix E

Additional Plots from Chapter 6
Results
This appendix contains the plots of the remaining controller assessment trials from Chapter 6.
Each figure below contains two sub figures: the left plots, labeled a), show the position response
(in radians) from the numerical simulation, and the experimental measurements, for the specified
control input, while the right plots, labeled b), show the temperature response (in C) from the
numerical and experimental outputs. The caption of each figure can be cross referenced with Table
6.11 to determine the RMS Error and correlation coefficients for each plot.

(a)

(b)

Figure E.1: Position and temperature plots for sine wave input 1. The sine wave frequency and
amplitude were 0.05 Hz and 0.5 rad, respectively.
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(a)

(b)

Figure E.2: Position and temperature plots for sine wave input 2. The sine wave frequency and
amplitude were 0.1 Hz and 0.5 rad, respectively.

(a)

(b)

Figure E.3: Position and temperature plots for sine wave input 3. The sine wave frequency and
amplitude were 0.2 Hz and 0.5 rad, respectively.

(a)

(b)

Figure E.4: Position and temperature plots for sine wave input 4. The sine wave frequency and
amplitude were 0.3 Hz and 0.5 rad, respectively.
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(a)

(b)

Figure E.5: Position and temperature plots for sine wave input 5. The sine wave frequency and
amplitude were 0.5 Hz and 0.5 rad, respectively.

(a)

(b)

Figure E.6: Position and temperature plots for sine wave input 6. The sine wave frequency and
amplitude were 0.05 Hz and 0.25 rad, respectively, with and o↵set of + 0.25 rad.

(a)

(b)

Figure E.7: Position and temperature plots for sine wave input 7. The sine wave frequency and
amplitude were 0.05 Hz and 0.25 rad, respectively, with an o↵set of 0.25 rad.
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(a)

(b)

Figure E.8: Position and temperature plots for sine wave input 8. The sine wave frequency and
amplitude were 0.05 Hz and 0.25 rad, respectively.

(a)

(b)

Figure E.9: Position and temperature plots for step input 3.

(a)

(b)

Figure E.10: Position and temperature plots for step input 4.
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